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PROSPECTS FOR STUDYING HIGH-ENERGY COSMIC RAY
PARTICLES ABOARD HEAVY AES

N. L. Grigorov

Cosmic ray study carried out by various methods has shown that
cosmic rays consist of a flux of atomic nuclei (hydrogen v 83%,

helium ~ 16%, heavier about 1%) having very different energies —

8 0

from v 10° eV to v 10°° eV. Their energy distribution is de- |

scribed by a power law of the form I (; EY = AE_Y, where v = 1.6 -

10 _ 1415

lJT in the energy interval 10 eV, and y = 2.2 for particle

energies E > lO15 eV. If the energy 1s expressed in 109 eV, then

A=18 . 103 m“gsec-lsr_l.

Primary cosmic ray protoeons interacting with the nuclei cf air
atoms lose their energy. As a result, the fiux of protons of given

energy decreases by a factor of 2.5 in an atmospheric layer 100

g/cmg thick. Consequently, at sea level (1000 g/cmz), the nucleon

{(proton and neutron) flux will be lower by 2.510 3_10“ than at the

edge of the atmosphere. Cosmiec ray particle studiles are often con-

ducted at mountain elevations (™ 700 g/cmz) in order to reduce

*
Numbers in the margin indicate pagination in the original foreign
text.



somewhat the effect of high-energy particle absorption 1n the atmos-
phere., Although in this case the nucleon intensity increases by
about a factor of 16 in comparison with the intensity at sea level,
it still remalns 600 times lower than that of the cosmic ray primary

particles of the same energy.

The complex nuclel which comprise the primary cosmic rays collide
with atomic nucleili in an air layer which is several tens of grams per
square centimeter thick, and break down into their component nucleons.
Therefore, the cosmic ray nuclear component i1s practically not re-
corded 1n the atmosphere at heights below 20 - 25 km.

If the solution of any physical problems reguires experimenta-
tion with high-energy particliles, the question arises of where these

experiments should be conducted.

12 4

, 1013, 10t
eV, respectively, are equal to 300; 6; 0.1 particles/m2 * hr -« sr.

The fluxes of primary particles with energies 10

The particle flux reaches mountaln altltudes weakened in intensity

by a factor of nearly 103. Therefore, tremendous 1lnstallations, tens

of sguare meters in area, are bullt at mountaln elevatlons to record

12 13

particles with energy 10 - 10 eV. It has not yet been possible

14

to record particles with energies 10 eV in the lower part of the
atmosphere by direct methods. It would appear that a way out of this
situation would be to construct installations of still larger area, /4
say 103 m2.

this case.

However, difficulties of a fundamental nature arise in

The high-energy particles passing through the atmesphere col-
lide with atomic nuclei and lcose part of their energy in the creatlon
of new particles — mesons. Therefore, in the depth of the atmos-
phere, hnigh-energy nucleons are nearly always accompanied by second-
ary particles. When recording nucleons at mountain elevations using
eguipment of large area, mesons will be recorded along with the

nucleons. Separation of the high-energy nucleons from the mixed



particle flux is possible at the cost of reductlon of the recorded
particle flux (which is small to start with) by tens or hundreds of

times [1]. Therefore, "pure" ecxperiments with cosmlic ray particles

of known nature with particle energiles 1013 eV or higher become prac-

tically impossible in the lower part of the atmosphere.

The situation is essentially different when working with primary

cosmic ray particles. If the equipment has working area " 0.5 m2, and

angular aperture about 0.4 sr, such an Instrument will record one

particle an hour for particle energy 1013 eV, and one particle in two

days for energy 1014 eV. During several months of measurements, we

can record several thousand particles with energy 1013 eV, and hun-

14

dreds of particles with energy 10 eV, under conditions of "pure"

primary particle beams, i.e., particles of precisely known nature.

The ionization calorimeter method, proposed by the author in
1954 [2], has been widely used in recent years for measuring cosmic

ray particle energy.

In this method, we use the principle of total primary particle
energy absorption in a thick layer of matter. The equipment utiliz-

ing this principle is quite heavy. Specifically, for an absorbing

layer thickness of about 500 g/cm2 in the example considered above,
the equipment weight reaches 3 - 4 tons. Thus, we come to the in-
evitable conclusion that recording of cosmic ray nucleons with ener-

13 lO14 eV by direct methods requires the use of equipment

gies 10
weighing at ieast several ftons and conducting measurements 1in the

course of several months near or beyond the edge of the atmosphere.
It is guite obvious that these conditions can be satisfied only by

using heavy artificial Earth satellites.

The considerations mentioned above formed the basis for the
first experiments with high-energy cosmic ray particles initlated
aboard the Proton 1, 2, 3 AES. It is appropriate to examine the



relationship between the results obtained from the Proton AES and

the tasks which still await their solution. This examination appears
to us to be useful, since it may shed some light on the question:
does the new direction in cosmic ray studies, initiated aboard the
Proton AES, have any promlse?

In these experiments, we studied the dependence of the effective
inelastic interactlon section of protons with light atomic nuclel

(hydrogen, carbon} in the energy range 20 - 600 GeV. The objective

of the experiment included measurement of o;? with accuracy of a few

C
percent in a wide energy interval, extending far beyond the limits

achievable during the same time peried on existing accelerators.

It is well known that the results of the measurements conducted

showed a small inerease of Ugnc

tion from 20 to 600 GeV (gee present volume). The second task posed

by 20 + 5%, with proton energy varia-

in the experiments aboard the Preoton 1, 2, 3 AES concerned study of
the primary cosmic ray particles themselves 1n the energy range
10 14

10 - 10 eV, by direct methods. In these studles, an attempt was
made for the first time to study cosmic ray chemical composition in
the energy interval lO12 - 1013 eV.

The results obtained showed that the energetic distribution of
the protons and heavier nuclei in the particle energy interval

1012 - lO13 eV is different — with increase ¢f the particle energy

in this interval, the proton flux decreases more rapidly than the
heavy nuclei flux (see page 47|of present volume). This result leads

to the lnevitable conclusion that there is a change of cosmic ray

chemical composfition in the energy interval 1012 - 1013

eV, whilch 1s
in conflict with the prevalent concept (without adequate experimental

foundation) of constant cosmic ray chemical composition over a wide

energy interval 109 - 1015 eV.

15



The preogram of studies aboard the Proton AES included study of
primary cosmic ray clectron component energetic spectrum. Measure-
ments made aboard the Proton 1 and 2 AES showed that in near-Earth
cosmic space, at heights 200 - 600 km, there is a flux of electrons
with energies of hundreds and thousands of MeV, which is comparable

in intensity with the primary cosmic ray flux.

Determination of the secticon increase, anomaly in the proton

12 1013 eV, and intense high-

energy electron fluxes in near-Earth cosmic space was the subject of

gspectrum in fthe energy interval 10

further investigation aboard the Proton 4 space station, for which
equipment radically different from that installed aboard the Proton
1, 2, 3 AES was developed (see present volume, p469D.

Orbital complex moment theory predicts increase of the total
and inelastic effective nucleon-nucleon collision sections with in-
crease of the colliding particle energy. However, this increase is

very small. Thus, with transition from energies of 20 GeV to 1000
GeV, G;Ep increases by 20%. In order to record this increase re-

liably, O;fp must be measured with an accuracy no less than 5% for pro4

ton energy 1012 ev.

Bearing in mind the fundamental importance of verifying the /6

validity of the theoretical analyses, one of the most important
problems of the immediate future is to measure O;Ep with an accuracy no

less than 5% in the energy interval 50 - 100 GeV. This problem is
entirely solvable if the measurements are made aboard a heavy AES
and the experiment is directed toward resoclution of this question.
To obtain the necessary statistical accuracy, it is sufficient to
use eguipment with the following parameters: instrument geometric

2

factor ~ lO3 cm sr, target (carbon and polyethylene) thickness

100 g/cm2, measurement time no less than 100 days.



Lxperiments performed aboard the Proton 1, 2, 3 AES showed that

the dependence of the effective inelastic interaction section of
protons with carbon nuclei G%?c on proton energy E in the energy in-

terval 20 - 600 GeV can be approximated by a functicon of the form

(B =en(1+aln Ep)|

where a v 0.06, for measurement of E in GeV. A very important ques-

tion arises: to what energlies is this growth law valid?

The experiments made aboard the Proton AES showed that visi-
bility of the measurements performed 1s lmportant when measuring the
effective sections. Two requirements must be satisfied in order to

provide this visibility:
a) the measurements should be made aboard oriented AES;

b) the experiment should be visualized, i.e., equipment should
be used which permits "seeing" the primary particle, its interaction
in the target, and the avalanche 1n the lonization calorimeter.

Contemporary experimental equipment — spark chambers, electron
optical converters (EOC) — makes it possible, in prineciple, to ac-
complish the required visuallzation of the experiment with transmis-
sion of the infermation over telemetry channels. In these experi-
ments, the important question of the dependence of the effective in-

12 to 1013 eV

on the atomic welght of the target nuclel may be resolved at/the same

elastic interacticn section for high energies from 10

time. This question cannot be resolved on opposihg beam accelerators
and will remain the prerogative of cosmic ray physics in the next
few decades.

On of the most important problems of high-energy physics, which
was posed more than a decade ago as the result of cosmic ray study,
ig that of the origin of fireballs.



The multiperipheral theory, considering interactlons between
cclliding high-energy nucleons as exchange of virtual m-mesons, leads
to the conclusion that, as a result, there should arise massive globs
of matter — fireballs — with a mass of 3 - 4 nucleon masses, sub-
sequent disintegration of which yields the experimentally required
particles. With increase of colliding particle energy, the number
of these globs increases in proportion to the logarithm of the im-
pinging particle energy, which leads to secondary particle dependence
Qf the type ng v o In E.

In the colliding nucleon center-of-mass system, the fireballs
travel relative tc one another with mean value of the Lorentz factor
Y =2 - 3. This circumstance leads to the characteristic pattern of
observed particle distribution as a function of their divergence

angles and energles.

In spite of the fact that the fireball question has been dis-
cussed for more than ten years [3 -« 7], convincing experimental data
supporting their existence have not yet been obtained. The complexity
of the problem sclution lies in the fact that the results obtained

11 12

for particle energies 10 - 190 eV can be described without resort-

ing to fireballs [8].

Resclution of the guestion of the formation of systems with
large masses is of fundamental importanck, and can be obtained by

studying the interaction of particles with superhigh energies

1013 - 101“ eV. According to the multiperipheral theory, at such
energies, three fireballs, each with mass 3 - U4 GeV, should sometimes
arise. Interactions of this type willl show up as three groups of
particles, each of which consists of about eight charged particles.
If interactions of this type are discovered, and it is shown that

the number of groups increases with increase of the primary particle
energy, then this phenomenon can no longer be described by alterna-

tive schemes of the hydrodynamic or statistical model type.

L1



Conduct of the corresponding experiments, reqguiring work with
ultrahigh energy particles and use of the nuclear photoemulgicn
technique to obtain the required angular resolution and measure the
secondary 10-meson particle energy, 1is possible only abocard heavy
AES. There is little doubt that in the near future, orbital scienti-
fic stations with qualified personnel on beoard will come intc being.
Under these conditions, the conduct of studlies with eqguipment inciud-
ing an ionization calorimeter, system of space chambers, and nuclear

emulsions becomes guite realistic.

If there is periodic replacement by orbital station personnel
of the exposed emulsions, observations can be made of hundreds of

interactions of particles with energles 1013 eV and tens of inter-

4

actions of particles with energiles lOl eV, 1l.e., we can obtain unique
experimental data which cannot be obtalned at the present time by any

other techniques.

In such an experiment, a detailejd study can be made at the same
time, in most convincing fashion, of primary cosmic ray chemical com-

position in the energy interval 1013 - lO14 eV, and the shape of the

energy spectrum of the various nuclei groups in the superhigh lenergy.|
energy interval can be studied, 1.e., we can obtain experimental data
of fundamental importance for the theory of particle acceleration in
astrophysical objects. In the same experiment, we can seek the pro-
cegsses characteristic for the interaction of complex nuclel at super-
high energies. New phencmena may be discovered in this completely
open region of study.

In studying the processes taking place during interaction of

14 - 1015 eV by iIndirect methods

—— using extensive atmospheric showers and high-energy mucns — some

particles with superhigh energles 10

snomalies have been discovered which do not fit into the framework
of the generally accepted notions. Thus, at one time 1t was suggested
that there is direct multiple generaticn of mucns in strong interac-

tions of particles with superhigh energies [9]. The theoretical
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possibility of such a process at superhigh energies v 10 eV, when

at small colliding particle distances v 10_17 cm, the weak interac-

tions may become of the order of the strong interactions, was noted
in [10].

In recent years, the interest in this problem, which 1s of
fundamental importance for elementary particle physics, has increased
in connection with the experimental data on angular distribution of

cosmic ray muons wlth energies ~ 3 - lO12 eV at sea level [11].

If the u~-meson energy Eu satisfies the inequality Ep cos © >>

1011

on the angle 8 with the vertical, will obey the law

eV, the dependence of the intensity of muons with energiles Eu

b
cos ('

1(8) ~

if the muons arise as a result of m- or K-meson decay.

The experimental data obtained in [11] indicate deviation from

the (cos 6)_1 law in the direection of approach to l1lsotropy for large
angles 8. In this connection, the hypothesis on the possibility of
direct muon generation (in about 2% of the interactions) was pro=-
posed in [11].

It should be noted that, even if the hypotheses of [11] are
confirmed experimentally, they will not be proof of the existence of
direct multiple muon generaticn in nucleon interactions. It is suf-
ficient to assume the birth of a hypothetical particle, disintegrat-
ing with formation of muons and having g lifetime tens of times
shorter that that of the wn- or X-mesons, for the experimental data

to obtain thelr natural explanation.

The question of the possibilify of multiple muon generation

18 _ {15

during ccllision of particles with energies 10 eV can be

clarified only by observing processes in dense media, where the



probability of m--or K-mescn decay is approximately 105 times less

than in the atmosphere at high altitudes.

For studying such processes with adequate statistical justifi-
cation, it 18 necessary to use equipment weighing about 100 tons, /9
injected into near-Earth cosmic space aboard a heavy AES. In such
an installation, using the principle of the icnization calorimeter
of large thickness for primary particle energy measurement, a system
of spark chambers for detecting primary and secondary particles, and

charge detectors, it is possible in the ccurse cof a year to observe
many thousand interacticns of particles with energies 101u eV, hun-

dreds of interactions of particles with energles 1015 eV, study 1in

detall the chemical composition of primary cosmic rays with energies

1015 eV, and observe the processes of multiple generation of super-
high energy muons if they exist in nature and occur with probability

1. 10_2. In these experiments, 1t becomes possible toc study

~ 107
by dilrect methods the typical interaction processes of the particles
responsible for extensive atmospheric showers, and give an unambigu-
ous treatment of this phenomenon, which has been the subject of

more than twenty years of study.|

These problems are of direct importance for high-energy particle
physics, astrophysics, and cosmic ray physiecs. There can be 1little
question that they will be resolved in the next few years with the
aid of heavy AES.

i0A
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MEASUREMENT OF EFFECTIVE INELASTIC INTERACTION SECTLONS
OF PROTONS WITH CARBON AND HYDROGEN NUCLEI IN THE ENERGY
INTERVAL 20 - 600 GeV ABOARD PROTON 1, 2, 3 SPACE
STATIONS

N. L. Grigorov, V. Ye. Nesterov, 1. D. Rapoport,
I. A. Savenko and G. A. Skuridin

VIntroduction

12

Measurements of strongly interacting high-energy (E > 10 eV)

particle fluxes at mountain elevations carried ocut by various methods
in recent years have indicated that at such high energies, the in-

n is at least

10 - 25% larger than for particle accelerator energies [1, 2, 3}.

R . . R . P
elastic interaction section of protons with alr nuclel o

These estimates were obtained by indirect methods, and naturally re-

quire verification by direct measurements.

It is very difficulft to ensure the required statistical accuracy
of a few percent in measuring the effective inelastic interaction
section of nucleons with light atomlic nuclel at mountain altitudes
because of the small high-energy particle flux. Moreover, in the
lower part of the atmosphere, ions constitute a large fraction (v 30%)
of the strongly interacting particle flux. This situation "eontami-

nates" the primary particle beam and selection of only the neutral

11

/10



primary particles (neutrons) reduces by at least a factor of three
the flux, already small, of particles which canh be used for measur-

.

ing o™,

These difficulties can be avoided if we measure o-0

beyond the
limits of the atmosphere aboard heavy AES. In this case, the high-

4

energy proton flux increases by lO3 - 10" times in ccmpariscn with
the proton flux at mountain altitudes. Moreover, in this case, we

can ensure quite "clean" primary proton beams. These considerations

have stimulated the conduct of ¢ " measurements aboard heavy AES, in

spite of the serious technical difficulties associated with such

i
measurements. We have made such © n measurements aboard the Proton

1, 2, 3 space stations. We used the multipurpose SEZ-14 instrument

to measure the effective inelastic section o-0 of protons with target
(carbon and polyethylene) nuclei. (Thig instrument was used not only
to measure oln, but also to study the shape of the primary cosmic ray

10 14

particle energy spectrum 1n the energy interval from v 10 to N 10

eV.) The basis of the gt

which 1s widely used in cosmic ray particle studies.

measurement was the "beam knockout" method,

The ezsence of thils method is that we filrst measure the particle
flux Ipg passing through detectors which define the instrument angu-
lar aperture, and an inelastic interaction detector without a target

in the particle path. Then we measure the particle flux I_ passing

t
through the same detectors and a target without interaction therein,

with the target located in the particle path.

In both cases, the particles are selected on the basis of the
same characteristic after passing through the detectors, target, and
interaction detector. Under these'conditions,
e—x/k’

I, =1

t nt (1)

12
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where x is the target thickness in g/cmz; A is the range in g/cm2

for inelastiec particle infteraction in the target; A and o™ are con-

nected by the known relation: o = A/ANAV, where A 1s the atomilc
weight of the target nuclel, NAV is the Avogadro number. In the case

of measurements in cosmic space, when not only protons (Z= 1), but
also helium nuclei (Z = 2) and heavier nucleil are present in the pri-
mary cosmic ray flux, for measurement of the effective proton inelas-
tic interaction section it is necessary to have a detector which

separates the protons from the entire cosmic ray particle flux.

I. Eguipment

A schematic of the SEZ-14 instrument is shown in Figure 1. It
consists of two identical halves, on each of which measurements of
™™ can be made independently. This results in improved reliabilityJ
the possibllity of monitoring equipment sensitivity stability, and

increase of the measurement statistics.

Eaeh half of the SEZ-14 instrument consists of the following

detectors.

The lonizatlon calorimeter for measuring proton energy consists
of nine steel plates, each 5.5 cm thick. Between the plates there
are plastic scintillators 1 - 10, each 1.5 cm thick, which are viewed
by two FEU-49 (FEU-III) photomultipliers, connected to a common load.
The overall thickness of the absorber in the ionization calorimeter,

equal to 2.7 A (A is the proton interaction range in iron), pro-
Fe 3

Fe
vides, cn the average, release of 50% of the primary proton energy

in the icnization calorimeter.
The amplitude of the FEU-III signal, proportional to the energy

released 1n the ionization calorimeter, acts on a series of integral

amplitude discriminators having various triggering thresholds Ei

13



(i =1 - 9), uniformly distributed on a logarithmic scale in the

energy interval from E, 7 10lO toc E; 1014

;7 9 ev.

Above and below the ionlzation calorimeter are located scintil-
lation counters made from plastic scintillators I and Il, which cover

the entire area of the ionization calorimeter., The upper counter I

'PM{‘] =

e |
En)
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?mmmf///
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Figure 1. Schematic of SEZ-14 instrument:

1 - 10 — plastic scintiilators of ionization

calorimeter; 11 - 13 — diffusers for gather-

ing scintillation light; 14 — proportional

counters; 15 — direction detector; I — in-

teraction detector; II — lower scintiliation
counter

serves to limit the solid angle in the limits of which primary parti-
cles are recorded. At the same time, it performs the functions of

an inelastic proton interacticn detector (ID) in the carbon and poly-
ethylene targets located above it.

A lead layer 2.5 cm thick is located above the interaction de-
tector I, for better detection of interactions. The lower secintil-
lation counter 1II serves only to 1limlf the solid angle. Both count-
ers are constructionally identical, and in each of them the scintil-
lators are viewed by two FEU-49, located on opposite sides and con-
nected to a common load.

14
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The diffusers 11 - 13, whose inner surfaces are painted with
white enamel with low light absorption coefficient, are used for
better light collection.

Above the targets are located two large proportional counters
(PC) 14, which serve to separate the singly charged particles from
the primary cosmic ray flux.

The selection of protons of given energy was accomplished as
follows: It.was required that the following signals appear in all
the detectors within the l1limits of the colncidence circuit resolu-

tion time.

a) 1In each of the two proportional counters, the pulse ampli-

tude was in the "window" V_. < V <V (V v 0.2V
min = ‘max m -

. V. 4V
a in prob, max -—

where Vpr is the most probable amplitude of the pulse

prob? ob
created in the proportional counter by a singly charged relativistic
particle)J In this case, there is generated a signal, arbitrarily

designated Zl, corresponding to passage of one singly charged parti-

cle| through both proportiocnal counters. Under these conditions, the

relativistic o particle (Z = 2) can imitate a singly charged particle

with probability no greater than 2.5%.

b) In the interaction detector, the pulse amplitude was in the

v 0.4V v v 1.7 Vprob’ where

Mors 11"
ow" V_ . <V <
wind mi prob?* ‘max

n = = Vmax (Vmin

Vprob is the most probable amplitude cof the pulse created in the in-

teraction detector by a singly charged relativistic particle). 1In

this case, there is generated a signal, arbitrarily designated Nl’

corresponding to passage of one singly charged particle through the

interacticn detector.

The relativistic o particle can imitate a singly charged parti-

cle in the interaction detector with probability not exceeding 2%.

15
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¢) In the lower scintlllation counter there must be a signal
with amplitude V 2 0.4 Vprob'

d) In the ionization calorimeter there must be released the
energy corresponding to triggering of the ith amplitude discrimina-
tor (i = 1 - 9). In this case, there is generated a signal, arbi-

tratily designated EC.’ corresponding to simultaneous triggering of
i
the ith amplitude discriminator and the two scintillation counters

I and II. The resolution time of the colincidence circuits generat-

-6

ing this signal is ~ 1 + 10 sec.

Then all the "simple" signals Zl, Nl’ ECi travel to a coinei-

dence circuitwwith resolution time ~ 6 - 10_6 sec, where there 18

generated a signal, arbltrarily designated ZlNlEC-’ which is fed
1

to the scaling circuit — "operative memory".

The complex signal ZlNlEC means that at the moment of release
i

in the ionization calorimeter of the energy EC , one singly charged
i

particle passed through both proportional counters and the interac-

tion detector. (Detailed description of the construction and char-

acteristics of all the SEZ-1Y4 detectors 1s glven in [4]).

The number of ZlNlEC events per unit fime is a measure of the
i

intensity of protons with energy B > Ei passing through the appara-

tus. Thus, as a result of measurements without targets, the quan-

tity Int is determined, while with targets, the guantity It is

determined, which in accord with Expression (1) determine the

value of ot
Aboard the Proton 3 station, the described SEZ~1l apparatus was

supplemented by directional Cherenkov counters, which discriminated
the singly charged particle Z = 1, and performed the functions of a

16



detector of the direction of motion of that singly charged particle
which, in passing through the proportional counters and interaction
detector, generated the signal ZlNlEC_.
i
These direction detectors (DD) were located above the propor-
tional counters, and each included four Cherenkov counters 15 (see
Figure 1).' Each counter consisted of a plexiglass detector 16 cm in
diameter and 3 cm thick, and a PM-49. Al four PM-4G operated into

a common load.

Since the DD reduced significantly the instrument relative
aperture, the measurements with them were only of a monlitor nature.
Therefore, the DD in the SEZ-14 apparatus aboard Proton 3 were con-
nected into the recording system so that protcn selection could be
carried out without the DD as well (by the second half of SEZ-14),
i.e., the complex signals ZlNlEC. could be recorded by the same

1
technique as aboard Proton 1 and 2. Moreover, both halves of SEZ-14

recorded the signals Z_N. DD E, , meaning that the signal Z

1M c, 1M1 B¢
1 1

coincides with the pulse from the DD.

ITI. Results of Measurement of Effective Inelastic

Interaction Section of Protcons with Carbon

Nuclel o in

A. Measurements Without DD
In the SEZ-14 apparatus, satisfaction of at least one of the

following conditions was reguired for inelastic interaction recording.

1. FPFormation in the target of at least two charged particles

(n_ > 2), with ranges R 2 28 g/cm? Pb + 5 g/cm2 of plastic scintil-

5
lator. In this case, generation of any partficles with lifetime

-10

T 10 sec, yielding ¥ guanta during their decay, may not occur.

<
N\
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2. TFormation of at least one particle with lifetime T % 10_lO

sec, yielding during its decay y guanta with total energy E_, 2 500

.
MeV. In this case, charged partlcles may be abgsent.

3. Charge exchange of a proton into a neutron under the cocn-

dition n, = 0. In this case, generation of the electrcocn-photon com-

ponent may not occur.

Control experiments, made on the ITEP (Institute of Theoretical
and Experimental Physics) accelerator, showed that even for proton
energy E = 5 GeV, the probability W of interaction recording in the
SEZ-14 apparatus 1s quite high: 93 + 4% for particles entering the
instrument from the proportional counters, and 81 + 5% for protons
entering through the SEZ-14 lower base [5]. In the latter case, the
proportional counter performs the functions of an interaction de-

tector.

With increase of the energy, the mean multiplicity n increases

quite rapidly, and we can expect that for E & 20 GeV, the recording
interaction probability is close to 100% (this is indicated, speci-

fically, by the o;?c vaiues which we obtained).

The targets were made interchangeable in order to conduct meas-

urements of the proton intensity Int without targets, and It with

various fargets under the same conditions. The graphite target, and
then the polyethylene target, were alternately positioned within the
limits of the instrument working aperture periodically with an in-
terval of 6 - 12 hours. Then both targets were removed from the
instrument working aperture and the intensity Int was measured.

After this, the entire measurement cycle was repeated.

In order to exclude the slow apparatus sensitivity variation

which can arise during long-duration instrument operation, we deter-

mined the mean intensities during a measurement seance lasting 6 - 12

18
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hours with fixed target position, and took the ratiocs <Int/It> ob-

tained in adjacent measurement seances. Then these ratios were

averaged throughout the entire flight, the quantity dlnt/lt>[was

determined, and the mean square deviation from the average was taken

as the measure of the <Fnt/1t>/error.

The error determined in this way included both statistilcal

errors (for the energy levels El’ EE’ E3 they introduce a small con-
tribution to the overall errdr), and all the uncontrollable factors
which influence the event counting rate (change of instrument orien-
tation relative to the Earth, influence of the Earth's magnetic

field on PM sensitivity, and sc on).

A special analysis of the information obtained aboard the Pro-
ton 2 AES showed that the quantitiles Int/It have a normal distribu-

tion. Using the mean value <I__/I >/, obtained with the graphite
nt’ 7t

target, we determined 0;?0.

The preliminary results of U;?C measurements abeoard the Proton

1 and 2 AES have already been reported and published in [6, T7].

The processing of all the availlable primary information relat-

ing to Uin measurements (aboard Proton 1, 2, 3) has now been com-
pleted. "The desire to obtain data on the magnitude of the effective
inelastic interaction section of protons with protons required more
exact account for the apparatus factors, primarily more precise cal-
culation of the effective target thickness (particularly of the car-
bon target, because of 1its complex configuration).

Moreover, we took into account the differences 1n target

thickness (reaching several percent) aboard each Proton AES. The
values of E% (effective graphlite target thicknesses in g/cm2 aboard

the different AES for measurements without directlon detector) and
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p
C

path in the polyethylene targets are presented in Table 1.

P

and hydrogen EH

the average amount of carbon x along the particle

TABLE 1

| Polyethylene target Graphite target

Satellites : -

=P —p =P =g - 8_.D

i X | XC XC XHJ XC XC XC
Proton 1 36.1 1 30.9 1 5.2 33.8§ 2.9
Proton 2 35.8 § 30.7 5.1 33.1 ¢ 2.4
Proton 3 136.? ' 31.51 5.2 34.1 2.9

| !

Using the effective target thicknesses shown in Table 1, we ob-

tained the wvalues of G;EC

the DD on each half of the SEZ-14 aboard the Proton 1, 2, 3, AES.

from the measurements performed without

in
p-C

values obtained on the first and second halves of the Proton 1 SEZ-1U4,
first half of the Proton 2 SEZ-1l, and the second half of the Proton
3 SEZ-14 yield values which agree well with one another in the meas-

They are shown in Figure 2. We see from this figure that/all the ©

urement error limits. Therefore, the values of G;?C’

similar energy values obftalned in different series of experiments,

relating to

can be averaged.

The values of U;EC averaged with account for error "weight"
are shown in Table 2.

Here, the errors are mean square values and inelude both statis-
tical and all apparatus errors which. affect apparatus sensitivity

during the measurement time.

The gquestion of systematic errors will be examined in the dis-

cussion oi corrections.

20
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TABLE 2

|
in in
E, GeV Gp_c, mbarn | E, GeV Gp—C’ mbarn
22 208 + 200 253 + 3.5
62 226.5 + 2.5 610 240 + 7
Th £t of Uin d &y l
e measurement o e made ¢ mbarn|
N/ .
on the second half of the Protoen ﬁw_ . )
2 SEZ-14 [6] yields relative in- L 'é- ‘
crease of O;?C with increase of L { }1-@ 1 % i
: ) ./
&M-—'H ' .
E, which is the same as from the 1 . ] J.E
other measurements, but the abso- - F . - ey |
in | r T Saf ’
lute value of 95-c 18 10% lower . _ L
17 L Lo 1t L i 1 1 |
than indicated by the data ob- Sl Z 77e, Gevﬂ

tained on the first half of the in

Proton 2 SEZ-14, and on the other p-C
Proton AES measurements by different
’ halves of the the SEZ-14 a-
board Proton 1, 2, 3 AES:

Figure 2. Results of o

The avallability cof more com- 1l — Proton 1, first half of
. . . . SEZ-14; 2 — same, second
plete iInformation on the scienti- half; 3 — Proton 2, first
fic equipment operaticn made 1t half; 4 — same, second half;
R . 5 — Proton 3, second half;
possible to explaln the reasons the abscissa axis is primary
for the systematic low values of proton energy, the ordinate
. . s n
oé?c obtained on the second half axils 1s Opi—C in mbarn

of the Proton 2 SEZ-14. It was

found that on the second half of the SEZ-14, during a significant

part of the entire spparatus operating time, there was marked inc¢rease
of the count rate of double coincidences CNO (coincidence of pulses
from the interaction detector and lower scintillation counter),

which enter into the generation of the signal ZlNlEC A possible

reason for the count rate increase could be increased noise of one

of the iInferactlion detector photomultipliers, which would lead to
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high channel loading, and, as a consequence, loss of ZlNlEC event
i
counts (as a resuflt of the "dead time" of the amplitude discrimina-

tors which form the signal N).

Special analysis of the information obtained showed that during
those time periods when the CNO count rate exceeded significantly the

normal wvalue, the ZlNl c count rate was less than normal, and its
i

Gecrease with the targets was less than without the targets, which

then led to decrease of the measured value of gth In order to make

p-C’
certain that the low values of O;fc, in the measurements made on the

second half of the Proton 2 SEZ-14, were connected with the anoma-

lously high CN. signal count rate, we selected only those measurement

0

seances in which the CNO signal count rate increase was not very

large. The wvalue of G;EC obtained from these seances was 5% higher

than from all the measurement seances, lncluding the seances with

anomalcusly high CN. signal count rate. Therefore, prior to finding

0

the methed for introducing the corrections to the magnitudes of the

. \ . in
; o
ratios 4Int/1t4, which determine the value of b

data of the second half of the Proton 2 SEZ-14 from consideration.

we excluded the

In order to obtain the final data on the value of U;EC for

various protdon energies, 1t is necessary to introduce intc the meas-
ured effective section values several corrections, duato apparatus

and systematic effects.
In the following, we examine the corrections for proton absorp-
tion in the ftarget structure, random coincidences, and Gfelectron

formation.

1. Correction for proton interactions in the duraluminum target

structure. The correction was determined by calculation, using for
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particle accelerator energlies the values of the effective inelastic
interaction section of protons with Al nuclei, equal to 400 mbarn.
In order to account for these interactions, the measured value of
<Hnt/1t# must be multiplied@ by 0.975. This yields a 6% correction

in

to Op—c'

2., Correction due to random coincidences of low-energy cosmic

ray protons with energy release in the ionization calorimeter. The /18

essence of this correction is associated with the following. Signals

of the 2 NlE

1 type may be created net only by true protons, which

C,
i

provide energy release Ei in the ionization chamber, but also by ran-

dom coinecidences of low-energy (1 - 10 GeV) cosmic ray protons pass-
ing through the proportional counters and interaction detecter (sig-

nal ZlNl) with energy release Ei in the ionization calorimeter caused

by any high energy particle.

Random coincidences of this type will constitute the same frac-

tion of the true ZlN events for all energies Ei’ as long as the

1°C,
i

proton energy spectrum 1is similar to the spectrum of all cosmic ray

) i N - _
particles, i.e., at least up to E = 10 eV. Thus, Ira (Ei)/ltr (Ei) =

const, where Ira (Ei) and I (Ei) are the intensities of the ZlN E

tr 1 Ci
events, due, respectively, to random coincidences and the true flux

of protons ylelding energy release Ei in the ionization calorimeter.

The measured intensity is equal To ImeaS = Itr + Ira' The value of
Op—C is determined by the magnitude of the measured ratio:
nt nt nt nt nt , nt
meas _ _tr * Ira - Itr . LA Ira/Itr (2)
C C C C nt ,-nt ’
Theas Ttr Tra Ttr 1+ Ird/ltﬂ K
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where

nt ,..C
K = Itr/Itr
nt ,.C °
Ira/Ira

We see from {2) that (Int/IC) = (Int/IC)tr’ only for K = 1.

meas
in
p-C

only when, first, interactions in the target of low-energy cosmic

Therefore, random coincidences will not distort the quantity o

ray particles yielding random coincidences are recorded with 100%
effectiveness and, second, the true value of G;EC is constant through-

out the entire energy interval (from the energy of protons yielding
a contribution to the random coincidences to the measured energiles

Ei). However, as our experiments on a proton beam with energy E =

5 GeV [5] showed, for this energy the effectiveness of proton inter-
action recording 1in a target by the interaction detector of the

SEZ-14 instrument is less than 100%. Therefore, we would expect that

Int Int
ra . tr
C C

Ira Itr

i.e., XK > 1, and (Int/IC)meas < (Int/IC)tr' Consequently, because

of the existence of random coincidences, the measured value Cleas

will be less than the true value ©

tr’
Moreover, if Ofp is independent of E, then K = const, and
Orens (B1)/0gp (E;) = const. If, however, o, () increases with in-|

crease of E, then K(E) will also increase with increase of E, since /19

Int/Iga is independent of E. This leads to a situation in which the

ra
measured increase of of(E) will be weaker than the increase of

Ot (E}.
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The influence of random coincidences on ¢ under the experimental
conditions aboard the Proton AES may be determined on the basis of

the following arguments: Ira (Ei’ 8) = A (Ei) FLP (8), where Fcr (8}

is the flux intensity of all cosmic ray particles at the latitude 6,
A (E4) 1s a parameter proportional to the flux of all particles which

yield in the ionization caldrimeter a fixed energy release Ei whilch

depends on the geometric and radiotechnical characteristics of the

apparatus.
For fixed E,, the value A = const, and I (Ei, 8) = L ieas
(Ei) + Ira (Ei, g) = Itr (Ei) + A (Ei) Fcr (6)., With change of the

latitude of the observation location from 6 = 0° to 0O > 50°, the
quantity Fcr changes by about a factor of 10, i.e., Fcr (0 ;_500/

Fcr (6 = 0°) = 10. The experimental data obtained aboard the Froton

2 and 3 AES showed that I (E

meas (Fp» & 2 50°)/1

= a =
meas (Ei’ 8 0°)

1.2, and is independent of Ei (as it should be, if the dependence on

8 1s associated only with random coincidences). Recalling that
Iy . 0
Itr (Ei) will not depend on 8 (if Ei z 20 GeV) and Fcr (6 > 50 >/Fcr
_ Q —_ 2 — —_ [s]
(6 = 0°) = 10, we find that Itr (Ei) = 0.98 x Imeas (Ei, B = 0°),

i.e., measurements in the equatorial region yileld an intensity which

is practically undistorted by random colnecidences.

Hence, it follows that Ira (Ei’ g) =1 (E

meas 10 8) = L (Ei) X

(,, 8) — I

= No°
Imeas 1 meas (E, @ 0%).

From these measurements, we can obtain for each latitude 6 the

intensity Ira without target and with graphlite target, and determine

. nt ,.C
the ratio Ira/Ira‘

nt nt nt _

. _ Imeas(Ei* 8) - Imeas(Ei’ 6 =10°)
¢ C  (m., 8) —1° [ 8 = 0°)
ra meas* i? meas 1?
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If this ratio is averaged over all 6 values with account for
satellite stay time at the various latitudes, we obtailn <H§E/I§a>L

which determines the correction tc ¢ owing to random coincidences.
it 1s easy to show that the correction to ¢ owing to random coln-

cidences is

Ao s) — g

- _tr meas _
g g
meas meas
nt ,.nt
+ 1n 1 - <L/ Thdas™
Int Int Int nt
1in <‘ ]éleas >| l _ <r Tra >I < meas >J <' ga #
I nt ° I
meas meas meas ra

Averapging over the avallable data obtalned akcoard Proton 2 for
varicus energy thresholds, the correcticn owing to random ccinci-
dences was found to be Ao/o .. = 10 * bg.

The large error in the correcticn magnitude leads to the cor-

i . ‘o
rected values cof opn having, in addition to mean square errors

C
amounting to v 2 - 3%, large systematic error {(the same for all
energies), equal to + 4%.

At the same time, the data on ¢ obtained only from that part of
the information which relates to low latitudes (in the equatorial re-
gion) will not contain errors associated with random coincidences
(and consequently, will not have the + 4% systematic error),butIWill
have large mean square errors because of using only part of the in-
formation obtained. Nevertheless,.as we see from Table 3, the large
mean square errors for the equatorial ¢ measurements are less than

the systematic errors in G;TC arising with introduction of the random

coincidence correction.
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TABLE 3%

E, GeV Glnc, mbarn !AG,’ Glnc, mbarn
' p= mbarn P=
| . .
22 220+4 9 . 23648 |
R 254+2,5 10 .  954+5 |
200 278+3,5 11 2868
610 - 264F7 10,5 4 290+13 i
: !

¥
Translator's note: Commas represent decimal
points.

Table 3 presents in the second column the averaged U;?C

corrected for random coincidences {averaged over all the measure-

values

ments aboard Proton 1, 2, 3). The mean sqguare error was obtained by
averaging the data before introducing the random colncidence correc—
tion. The third column shows the modulug of the systematic error in
the corrected o values, which arises when introduecing the random co-
incidence correction. The fourth column shows the averaged values

of Gp_c, obtained aboard Proton 1, 2, 3 a5 a result of measurements

only in the equatorial region. The errors are mean square.

n
-C

¢coincidences agree to within the mean square measurement errors with

We see from Table 3 that the 0; values corrected for random

the o measurements at the equator, which do not contaln errors due
tc random coincidences. Moreover, we see that the "equatorial”

in _ in

cp C measurements nhave better accuracy of the absolute Up c values;

therefore, we shall use only these measurements in the following.

3. Corrections fto 0;?0 owing to § electrons. The magnitude
of the correction to O;?C owing to 6§ elecfrons constltutes from 2.4%

{for E = 22 GeV) to 4.3% (For E > 100 GeV). (The determination of
of this correction is presented in more detail later, in examining

the physical effects which Influence the measured guantity O%EC)'

27
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TABLE 4

B, GeV 0;?0, mbarn B, Gev 0;?0, mbarn
2 21647 | 200 2607
62 23145 610 263212
After introducing the cor- . g¥ mbarn; "A I f

rections for & electrons and for 720 1~ ) _ L .f 1
interactions in the duraluminum -:“E S f‘. I“ ;; '
target structure to the average ‘ - i { Coed T ;
o values obtained from measure- Carl f N N gf”rw
ments at the equator (last 17! R /ﬂf - £,GeV]|

1

column of Table 3), we obtained in
Figure 3. Dependerice of ©

p-=-C

the final d;? values shown

C
in Figure 3 and Table L, 1 — mean Ugic values from re-
sults of measurements aboard
\ Proton 1, 2, 3 AES after 1ntro-
B._ Measurement with ducing all the corrections;

on proton energyﬂ

————————— 2 — measurements of O;EC by
(DbD) direction detector aboard Pro-
ton AES; 3 — accelerator data
Measurement of oin using [10]; 4 — lower limit of the
p-C in

Gp-C section obtained by in-

a direction detector has the indirect methods [11]

following characteristic

features.

The thin Cherenkov counters used 1In the direction detectors
preclude the possibility of recording a single singly charged parti-
cle leaving the ionization calorimeter and passing through the inter-
action detector and proportional counters. Therefore, events of the

ZlNl DD EC type are due to primary protons entering the instrument
i

only through its "entry window", and passing through the detectors
in the following sequence: DD, PC, ID, and ionigation calorimeter.
In this case, interactions are recorded only by the interaction
detector.
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As was previocusly noted, the direction detectors reduced the
SEZ-14 relative aperture by a factor of ten. Therefore, the measure- /22
ment errors with the DD are significantly larger than without themn,
particularly at high energies when the measurement error 1ls deter-
mined by the statistics of the protons being recorded.

in
In order to reduce the ¢ measurement errors at an energy of

p-C

150 GeV, we determined o;? using measurements with both graphite

C
and polyethylene targets. (In the polyethylene target, about 80% of

all interactions take place on carbon nuclei.) In the latter case, we]

assumed that O;EC = EQB.T + 1.7) mbarn, in accordance with the resultq
obtained in measurements without the DD (see below). These G;fc

values, obtained on the same SEZ-14 half with the graphite and poly-
ethylene targets, were averaged with account for error "weight".

These data are shown in the seccnd column of Table 5. For energies

of 18 and 50 GeV, the G;E value indicated in the second coiumn of

C
Table 5 was obtained using measurements only with the graphite target.

in
p-C
half of the Proton 3 SEZ-14 without DD, using only equatorial meas-

The third column shows the values of d measurement on the same

urements. In the data shown in Table 5, corrections were introduced
for the S-electrons (to the results of measurements both without and
with the DD), and for interactions in the target structure (only in

the measurements without DD).

Corrections to results of measurements with DD.

1. The Cherenkov counters in the DD were arranged so that the
primary protons traversing in the instrument solid angle do not pass
through the massive duraluminum elements of the target structure;

therefore, it is not necessary to introduce a correction into the
results of a;?C measurements made with DD for interacticn with the

target structure elements (the correction is 6%).
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TABLE 5

in in .
i 4] with D
E, GeV Up—C (with DD) b-C (without D
18 215+7,6 | 21510
50 195412 23047
160 228+25 | 209+10 I

2. No correction was introduced to the data obtained with DD

for random coincidences, since there was no ZlNl oD EC event inten-
i

sity dependence on geomagnetic latitude owing te random coincidences.

3. The same corrections for & electrons were Iintroduced into
the results of measurements performed with DD as inte the results of

measurements without DD.

The mean U;EC value obtained in measurements with DD, as a re-

sult of averaging the data for the first two energy thresholds (El

in
p-C

This value of ¢ and also the value obtalned with DD for 150 GeV

energy are shown by the circles in Figure 3. We see from the figure

and E2) and equal to 40 >J= 210 + 6 mV, is for 34 GeV mean energy.

that the results of 0;?0 measurement with DD are in agreement with

the results of measurements without DD (particularly for the 20 - 30
GeV energy, where the measurement errors with DD are still quite
small)J

ITT. Measurement of Effective Inelastic Proton-Proton

Interaction Section G;Ep in Energy Interval 20 -

600 GeV

The magnitude of the effective inelastic prefton-proton inter-

. . in ;
action section g was determined from measurements of the proton
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fluxes of different energies passing without interaction through the
CH
carbon target (IC), and the polyethylene target I °.

Since the amount of carbon per square centimeter in the poly-
ethylene target was less than in the graphite target by the magnitude

Ekc = E% - xg (see Table 1), the G;?p value was deftermined from the
exXpression:

G"f__=__l In o ) 2
wWhere Eﬁ is the average amount of hydrogen in grams per square centi-

meter along the partlicle path in the polyethylene target; Ac is the
atomic weight of carbon; 0;?0 is the effective inelastic interaction
section with carben nuclei, taken from measurement results with the

graphite target.

The mean value of the Intensity ratio (/9% 3 yas determined as
fellows. For two adjacent measurement seances with the carbon and

pelyethylene targets, we determined the ratio during}the measurement

seance of the intensities 1° and ICHE, and these ratios|‘IC/ICH2 were
averaged over all adjacent seance pairs. We determined the average
value of ¢je/iciny and the mean square deviation from the average,
which we tock as the measure of the (ISICH:Y error.

The fcllowing correcticons were made to the o value determined

using (3).

.
P2
=

|

1. Correction for the § electrons to the measured oln value

was calculated, just as the correction to G;?C' These corrections
ranged from 2.2% (for E - 22 GeV) to 4.0% (for E > 100 GeV), and were

introduced into the results of Oéfp measurements performed both with-

out and with DD.
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2. Correction for interactions in the duraluminum target struc-

ture was not introduced, since the graphlte and pclyethylene target
structures were identical and the influence of these interactions

was gutomatically excluded in calculating the ratio [¢//CH.,

3. In order to avold the need for introducing corrections to d;—p

owing to random coincidences, we used only the results of measure-

ments without DD in the vieinity of the squator. (We note that if

we use all the information and introduce a correction for random co-

incidences equal to + 10%, we obtain the same result as when using

only the near-equatorial measurements).

The fingi data, after introducing the indicated corrections and

averaging the results of measurements made using both halves of the

SEZ-14 apparatus aboard the Proton 1, 2, 3 AES, are shown in Table 6.

TABLE 6%
h [
i i
E, GeV g m , mbarn £, GeV| o n » mbarn
p-n D-p
22 | 97,7+3,6 610 44,3+9,3
62 28,2-+2.3 18 26,9-+4,5
20 | 32.1+3.8 50 35,145,

*
Translator's note:
points.

Commas represent decimal

The last two rows are for measurements with DD. The weighted

. . i .
mean value for these two energies is ¢ 7 = 30 + 3.5 mbarn, and 1s

p-p

for an energy of 3.4 - 1010 eV.
We see from Table 6 that the measurements with and without DD
agree well with one another and with the particle accelerator data

for the corresponding energy.
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Figure 4 represents the U;Ep measure-

ment results. We see from the figure that
the results of our measurements do noct
contradict the possibllity of the same
"oop
with transition from partical accelerator

. . in
increase as is observed for Gp—C

energies ~ 20 GeV ¢o energies v 200 GeV.

IV, Discussiocn of Results

We see from Figure 3 that with
transition from proton energy 2 - 1010

eV to 2 - lO11 eV, the effective in-

elastic interaction section with carbon
nuclei increases by 20 + 5% (the proba-
billity that this lncrease is random for

the measurement errors obtained is 2 - 10"6).

g, mbarni’

4
hr4
74
77

&

o/
- QZ

Lt

L 0 744

Figure 4,

of ©
P-p

in

£,.GeV|

Dependence

on preton en-

ergy from results of
measurements aboard
Proton 1, 2,
after introducing all
the corrections:

3  AES

1 — measurements
withcout DD;
urements with DD

2 — meas-

It is obvious that the cbserved increase cannot be ascribed to

measurement errors. Therefore, it is advisable to evaulate the pos-

35ible methodological effects which could lead to the observed in-

crease, and also the physical processes of triIvial nature which are

capable in principle of increasing the measured U;?q values.

A. Systematic Effects

1. With increase of particle energy, the SEZ-14 angular aper-

ture for the protons being recorded may increase, and, as a conse-

guence of this, the effective target thickness may increase.

The angular aperture increase is associated with the fact that

when a primary proton passes through the proportional counters and

interaction detector so that the avalanche generated by the proton

exits through the side surface of the ionization calorimeter, this
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proton may be recorded if at least one secondary particle enters the
lower scintillation counter. The higher the proton energy E, the
more secondary particles in the avalanche and the higher the proba-
bility of a scattered particle reaching the lower scintillation

counter ("overcount" phenomenon),

With such broadening of the solid angle § in the limits of which

primary protons are recorded, the effective path Eé traveled by the

particles in the target will increase, the probability of interaction
while passing through the target will increase, which will imitate

in
p=-C*

assumption: each particle passing through the proportional counters

increase of © This effect may be evaluated under the extreme

and interaction detector, no matter what the angle at whiech it en-
tered the ionization calorimeter, will be recorded if the energy Ei

released in the calorimeter is suificient to trigger the ith

ampli-
tude discriminator. It is cbvious that this assumption yields the
maximal possible proton "overcount" and, therefore, the maximal pos-

sible increase of the effective target thickness E&. Calculation

showed that for isotroplic angular distribution of the primary protons,
the "overcount" phenomenon increases effective target thickness by

only 2.8% in comparison with the value used.

Thus, the "overcount" phenomenon can increase the measured sec-—

tion by a maximum of 3%, and cannot explain the observed 20% 1ncrease.

2. The absence of constant Proton satellite orientation rela-

tive to the vertical led to a situation in which events of the ZlNlEC
i
type, recorded without DD, 1n many cases could be created by particles
entering through the SEZ-14 lower base. The first possibility is the
following., If the primary particle is a proton, then such a proton,

after releasing in the ionization calorimeter the Ei part of its

energy, may leave the calorimeter without accompaniment by other

particles, enter the interaction detector, and pass through the
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s . 4.
1NlECi signal is generate

If measurements are made with a target, such a "reverse-traveling"

proportional counters. In this case, a Z

proton (or any other strongly interacting particle) creates, during
interaction in the target, a shower, which will be recorded by the
propeortional counters (i.e., for such reverse-traveling, strongly
interacting particles, the proportional counters will serve as an
"interaction detector"). If the BC recorded showers with 100% proba-
bility, then all interactions in the targets of reverse-traveling

protons and other high-energy particles would be recorded, and for

. 1
these particles, the correct wvalue o0of © 1 would be measured; however,

n

the measured o™ value would not be ascribed to particles with energy

Ei released in the ionization calorimeter, but rather to particles

with energy << Ei.

Therefore, if din did not depend on E, the reverse-traveling
particles would not distort the measurement results. However, low-
energy particles (a few GeV) create, during interaction in the tar-
gets, showers consisting of such a small number of particles that
these showers are recorded by the PC with probability less than 100%.

in

For such reverse-traveling particles, the measured value Om o will

be less than the frue wvalue 0%;. Therefore, the measured oln value

for all primary proton particles and reverse-traveling particles will
in

in this case.
tr

also be less than ©

As Ei increases, the energy of the reverse-traveling protons

wlll also increase and, consequently, the probability of the PC

recording thelr interactions in the targets will increase. There-
in in
fpe If Utr

const, the reverse-traveling particles could imitate increase of

fore, the measured section wlll inerease, approaching o

oln, with increase of E only under the condiftion that for smaller E
. o < ; .
the measured section meas Utr’ and with increase of E the value of
in 4 gin _
Umeas tp 215 + 5 mbarn [11].
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Comparison of our results with particle accelerator results

(which we take to be true) shows that for minimal energy, E % 20 GeV

o = g
meas tr
sults without DD (¢ = 216 + ﬂ_mbarn) and with DD (o = 210 + 6 mbarn)

leads to the same conclusion. (Reverse-traveling particles are not

(to within 5 - 7 mbarn). Comparison of measurement re-

present in the measurements with DD.)

There is a second possibility for creation of lel C events by

1

particles exiting through the lower base of the instrument.

A high-energy primary particle (of any nature) enters the ioni-
ration calorimeter through the lower base at a large angle to the
instrument axis, so that the avalanche|created by the particle exits
through the side surface of the ionization calorimeter. However, in
the avalanche there are many pilons with energies of several hundred
MeV, travellng at angles e[w 1 relative to the primary particle
direction of motion. One such pion may pass through the interaction
detector and proportional counters. In this case, the reverse-

traveling particles will be basically pions with energles of several
hundred MeV. (For E > 109 eV 8 < 0.3 and the pion will travel alcng

the avalanche; for E £ 108 eV the pion range will be smgall and it

will neot depart very far from the avalanche.)

Such pions will be absorbed during interactiocn wlth the graphite

target nuclel, and these 1nteractions wilill be recorded by the pro-
portional counters with probability close to 100%. In examining the

mechanism of signal feormation ZlNlEC by cosmic ray particles enter-
i

ing the SEZ-14 through the lower base, the section U;EC for reverse-

traveling particles will correspond to the inelastic interaction
section of pions with energy of hundreds of MeV with the carbon nu-
clei, and it will not change with primary particle energy change.
Therefore, this ZlNlECi event formation mechanism cannot lead to

in

Up-C increase wilth increase of Ei
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3. Nonlocal showers are those interactions of primary cosmic
ray particles (protons, heavy nuclei) in the matter surrounding the
SEZ-1l4 apparztus, as a result of which the most energetic particles
enter the lonizatlon cazlorimeter and release in the calorimeter the

energy Ei’ whille the secondary particles of comparatively low energy

enter the proportiocnal counters, interaction detector, and lower
scintillation counter. If a single particle enters both the PC and

ID, =2 ZlNlEC signal arises, which imitates a proton which releases
i

in the ionization calorlimeter the energy Ei' The presence {(or ab-

sence) of a target may influence nonlcocal shower secondary particle
entry into the PC (and to a lesser degree into the ID), since the

latter is protected from below by the entire thickness of the ioni-

zation calorimeter, and from above by a layer of lead about 30 g/cm2

thick), and thereby alter the intensity of the ZlNlEC events, 1.e.
i

in

influence the magnitude of the measured section Gp—C

It is not possible to calculate thilis phenomenon in practice.
However, from the measurement results we can evaluate the nature of
the influence of the quantity o of both nonlcoccal showers and all the

background processes leading to the appearance of ZlNlEC events.
i

Most of the Proton AES material surrounding the SEZ-14 instru-
ment was located at fhe sides. This material, and also the ioniza-
tion calorimeters themselves (the ionization calorimeter of the first
SEZ-14 half was a source of nonlocal showers for the second SEZ-14
half, and vice versa), Were nonlocal shower sources. Since both
nuclear and electron-photon showers have marked secondary particle
divergence directivity for the indicated arrangement of the materizal,

the fraction of nonlocal showers imifating ZlNlEC events will in-

crease relatively when the SEZ-14 instrument is turned with its
"entry window'" toward the Earth and all the material 1s located above
the proportional counters. (In general, for such instrument orienta-

tion, only the reverse-traveling particles, nonlocal showers, and
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all those background events which lead to the formation of the com-

plex ZlNlEC signal are recorded, since in this case direct high-
i

energy proton flux is not recorded — 1t is8 shielded by the Earth).

CHo

Therefore, the dependence of Int/Ic, Int/I on the energy Ei’ meas-—

ured with the instrument "entry window" oriented toward the FEarth,
vields the characteristic of the influence of thils entire complex of
background events on increase of ¢. In order to clarify how the in-
dicated relations depend on the instrument orientation relative to

the Earth, we used the Z.N;, DD E event count rate as an indicator

11 C.
i

of SEZ-14 orientation, since with the ilnstrument oriented with "entry
window" toward the Earth ("downward" orientation) the event count
stopped, and with orientation toward the zenith ("upward” orienta-

tion) the Z. N, DD E

1Ny C count rate was maximal.

1

Using these guide lines, we selected from all the information
obtained aboard Proton 3, those time intervals when the instrument
was oriented "upward" and "downward", and for these time intervals

we determined the ZlNlECi

event count rate (on the second SEZ-14

half without and with targets, and also the average values of Int/IC
and Int/ICH2 for these two orlentations for the energy thresholds

E, % 20 GeV, E, v 60 GeV, E5 v 200 GeV, and E, ~ 600 GeV.

1 2

The total time, in the course of which the specified instrument
orientation was observed, was not long, and the accuracy of the in-

tensity raties obtained is not high. Since the measure of the sec-
tion change with energy increase 1s the ratio of the quantity Int/IC
for Ei (i > 2) to the quantity Int/IC for the energy Ei’ in order to

increase the accuracy, we averaged the ratilos
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relating to the same energy Ei' The results are shown in Table 7.

TARLE 7%
SEZ-14 orientation | SEZ-14 orientation
Hupll "dOWI’l"

@ () [,1520,09 “1,0840,09 |
5 (E1) ST R
o (£y) . 1,3140,11 1,1740,12 |
U(EI) 1 A . i
O(Ey) | 1,3520,19 1,0540,22 |
o (Ey))| IO pOL, L
¥Translator's note: Commas represent decimal
polnts,

Although the errors are large, we can still conelude from the
data of Table 7 that all the background events taken together ("down-
ward" orientation) do not yield o increase greater than the true

protens ("upward" orientation).

A11 orientations of the SEZ-14 instrument were involved in the

in
dependence of op—C

sequently, the obtained secticn increase with prefcon energy ilncrease

and 0;; on E, | presented in Figures 3 and 4. Con-

is only the lower bound of the increase. The true increase may be

somewhat greater than shown in these figures.

1. & electrons. In the SEZ-14 apparatus, a shower of two

charged particles was recorded as an interactiocon. Therefore, among
the recorded interactions, some portion consists of Q electrons. On
the basis of the conditions of particle reccording by the interaction
detector, the energy of the § electrons enftfering the detecfor must

be guite high — several MeV.

We calculated the probability WS (E) that a proton with energy

F creates in a graphite targef a delta electron, which will be
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recorded as a second particle. In the calculation, we accounted for
the probability of recording electrons of different energies in the

interaction detector.

B, ev  6-10° 1070  2.10%%  4.10%% g.4-10'0 10t
W, (E) 0.4 0.6 1.1 1.3 1.6 1.7
Ao
5 -1.2 -1.8 -3.2 -3.6 -3.8 -bh.1
meas
Owing to these delta electrons, the measured value 0 eas will
be greater than the true valus i by the magnitude Ac. The cal-
culated values of W6 (E) and Ao/omeas are shown above.

8

The value of W due to muons with Eﬁ v b o+ 107 eV, was deter-

6’
mined experimentally at sea level (from the viewpoint of delta elec-

8

tron formaticn, muon energy 6 * 10 eV 1s equivalent to proton energy

E =6 * 10° eV).

We obtained a value of Wa (with graphite target thickness Xo =

26 g/cmg) equal to 0.5 + 0.17) - 10_2.

in [8, 9] preliminary data obtained with low statistical accuracy
-2

We have presented previously

W5 = (0.16 + 0.27) - 10 We see that the experimental value of W(S

agrees well with the calculated wvalue, which indicates correct ac-
count for the experimental factors, principally the probability of
recording 5Jelectrons. This provides a basis for using the calcu-
lated value of the correction AG/Gm for proton energies E >

10

eas

6 - 109 eV. It may be seen that when E increases from 1 + 10 eV to

11

10 eV, the measured section can increase by only ~ 3%, owing to the

\ 10
§ electrons. However, the nature of the increase (fast for 10 <

< - 100 and siow for E > 4 « 100

form than that observed experimentally (see Figure 3).

40

eV) has an entirely different

/30



2. Quasielastic scattering. If, in our measurements, secondary

particles — products of quasielastic interactions of primary protons
with carbon nuclei — were recorded, then with increase of the pro-
ton energy, the probability of recording these secendary particles
would increase (if only because of reduction of the divergence angle
in the laboratory coordinate system), and this could lead to increase
of Oigas' Let us evaluate the maximal possible contribution of

gquasielastic scattering fo the measured quantity O;EC.

It is obvious that, as a result of guasielastic scatterilng,
there cannct arise a secondary particle (nucleon) with energy

2 Ern (t), where Er

1 (t) is the kinetic energy of the recoll nucleon

arising for elastic scattering with transfer of the four-momentum t.
Therefore, the maximal probability of secondary particle recording
will occur if the transferred momentum is communicated to a single
proton. In order fer this precton to enter the interaction detector,

its range must be no less than 28 g/cm2

E > 150 MeV. This value of E corresponds to t}= 0.3 (GeV/c)2. There-

fore, secondary particles in the quasielastic scattering case under

Pb, 1.e., the kinetic energy

the present conditions can be recorded if ¢ > 0.3 (GeV/c)g, and a

single procton carries away the transferred momentum.

For primary proton energy 23 GeV, the quasielastic scattering
section for carbon nuclei with momentum transfer t > O.3|(GeV/c)2
amounts to only 1.7 mbarn [10]. If we consider that with transfer
of this momentum to a target-nucleus neutron, guasielastic scatter-
ings will not be recorded, we find that the maximal contribution to
o,
amounts to 0.9 mbarn.

of quasielastic scattering of protons with energy ~ 20 GeV

Another way to record quasielastic scattering is possible —
complete disintegration of the nucleus and recording of "evaporative"
neutrons. However, the probability of recording them under our con- /31

ditions 1is so small that their contribution to the section can be

only ~ 0.1 mbarn.
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Thus, if with increase of the primary proton energy there is
no increase of the total quasielastic scattering sectlon or broaden-
ing of the primary proton scatter cone, the contribution of guasi-
elastic scattering to the measured o Increase 1s no more than 0.9

mbarn, i.e., no more than 0.5%.

B._ Comparison with Other Results

in

p=C increase

We see from the above analysis that the observed o

cannot be explained by trivial physical processes (8 electrons,

quasielastic scattering).

The guestion naturally arises of the degree to which this in-
crease in the high-energy proton interval contradicts (or agrees
with) the available data on behavior of the inelastic interaction
section of protons (nucleons) with the light nuclei in the cosmic
ray particle energy interval ranging from hundreds to thousands
of GeV.

Measurement of the effective inelastic interaction section of
cosmic ray particles having energy of hundreds of GeV with atomice
nuclei has been made by many authors, primarily at mountalin eleva-
tions [1l2 - 171. 1In these studies, the inelastic interaction section
of all cosmic ray particles (nucleons and pions) with Fe atomic nu-

clei was measured. By inelastic interaction they meant those inter-

actlons in which the primary particle transferred to ﬂo mesons a
significant part of its energy (from several to tens of percent).
In each of the cited studies, the effective section was measured
with statistical accuracy ~ 7 - 10% for particle energies of

several hundred GeV.

Therefore, the question of Uin increase or invariability was
resolved by comparing the measured section with accelerator meas-
urement results (different apparatus and different technique). The
effective section was not measured in any of the studies performed

in cosmic rays, other than the present investigation, using the
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same apparatus and technigue over a wide energy interval — from
particle accelerator energies up toc hundreds of GeV. In the studies
[12 - 17] made in cosmic rays, no account was taken for the differ-
ence in the inelastic interaction sections of pions and nucleons, in
spite of the fact that the interaction section was measured of parti-
cles, among which plons constitute ~ 30%. Therefore, it is not clear
which data the measured section should be compared with. However,

if we account for the pion fraction in the particle flux at those
altitudes at which the measurements were made, account for the dif-
ference in the effective sections of pions and nucleons with energy

n 100 GeV obtained in cosmiec rays in [18], and introduce into the
results of [12 - 17] the corresponding correction, then the corrected
sections will exceed by about 10% the values obtained for particle /32
acceleration energles [11]. The single available study on cosmiec

rays in which the primary particles were neutrons with mean energy

E = 100 GeV [18], gave 0;?0 = 216 + 20 mbarn. This result does not

contradict our data.

No direct measurements are available in the nucleon energy

range E > 1012 eV. However, we can obtain relations which permit meas-

uring the lower limlt of the effective inelastic interaction section

of nucleons with air atom nuclel for energies (2 - 5) - 1012

eV,
with quite good statistical accuracy. A detalled analysis of the
experimental data on methods and results of determining the lower
effective inelastic interaction section 1limit is presented in [11].

We shall cite the final results from that study.

The first method — comparison of the relative fluxes of

strongly infteracting particles ISi (E), traveling without accompani-

ment by other particles, and of all particles of the same energy

Ina (E) (regardless of accompaniment by secondary particles) —

yields for inelastic proton interaction in air the range A < 75 &

6 - 1017 ev. Hence, G;?

5.5 g/cm2 for E > 280 + 21 mbarn [11].

>
y
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The second method —— comparison of the absolute fluxes of single

nuclear-active particles with the flux of protons of the same energy

incident on the top of the atmosphere -— yields U;E > 300 + 13

12

c

mbarn for particles with E 2 5 - 10 eV [11]. (The interacticn

section with air nucleil was scaled to the interaction section with

carbon nuclei, using the law 0 v A2/3.)
We see that both methods lead to 0;?0 increase, exceeding con-
siderably the measurement error. We obtain the mean U;fc value for

E = 5.5 - 1012, by averaging the results of both methods:

ofn > =294x11) mbarn.

This value is also shown in Figure 3 by the x symbol. The entilre
ensemble of data obtained on the O;?c dependence on E in the 20 2
E £ 600 GeV interval can be described by a single empirical relation
, E
u;f__c=_cro(l+a1n——2-6—), i

¢

where o, = 216 + 17 mbarn, a = (6.8 + 1.2) - 107°.

Conclusions

1. Measurements of the effective inelastie interaction sec-

tions of protons with carbon nuclei in the energy interval frem 20
to 600 GeV yielad O;EC increase by at least 20 + 5%, with transition

from 20 to 200 GeV energy. oSystematic and physical effects can ex-
plain no more than 4% increase.

2. Measurement of the effective 1nelastlec proton-prdton inter-
action section in the energy interval 20 - 600 GeV were made with
8 - 20% accuracy. The relation obtailned does not contradict the
similar section inecrease obtained for G%EC in the same energy

interval.

4y
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3. The available experimental data on effective inelastilc
interaction sections of cosmic ray particles with 1light atomic nu-
clel for energies of a few hundred GeV and for energies of several
thousand GeV do not contradict the results cobtained aboard the Pro-

ton 1, 2, 3 space stations.
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ENERGY|DISTRIBUTION OF PRIMARY COSMIC RAY PARTICLES IN

e 1020 - 1014 eV ENERGY INTERVAL MEASURED ABOARD

PROTON 1, 2, 3 SPACE STATIONS

N. L. Grigorov, V. Ye. Nesterov, I. D. Rapoporf,
I. A. Savenko and G. A. Skuridin

Introduction

The study of the primary cosmiec ray particle energy spectrum
shape and, particularly, the chemical composition in the high-energy
region is of direct importance for two basic aspects of cosmic ray
physics: astrophysical and nuclear physical. In the first case, the
spectrum and chemical compeosition are those basic characteristics
which are directly assocliated with the mechanism of particle accelera-
tion and propagaticn in galactic space. In the second case, the
spectrum and chemical composition are those characteristics which
enter criltically inteo the various models which interpret the pro-
cesses of ultrahigh-energy particle interaction with atmospheric

matter.

It is cbvious that the most direct way to investigate primary
cosmic rays involves studies conducted at those altitudes where the
cosmic ray flux and composition have not yet been distorted by their

interaction with atmospheric matter, i.e., elther at balloon altitudes
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or beyond the bounds of the atmosphere aboard AES. Studies of this
type in the high-energy particle region were initiated aboard the
Proton AES.

The basic results of high-energy particle study conducted
aboard the Proton 1, 2, 3 AES have now been analyzed. We shall re-

port the results obtained relating to two basic aspects:

1) the form of the all-particle spectrum without determina-
tion of their charge (ionization burst spectrum) in the energy in-

terval from 1011 to ILO]'L‘l eV,

2) the form of the procton spectrum in the energy interval

10.to 1013 eV.

from 10
The basiec instrument used in studying the form of the energy

spectra was the SEZ-14 instrument, described in detail in [1]; there-

fore, we shall not discuss the principlies of its operation. We simply

note that the SEZ-14 aboard Proton 3 was supplemented by two direc-

tion detectors (DD), located above the proportional counters (PC)

(see Figure 1, page 14 of the present volume). Each of these detec-

tors was a telescope consisting of two plastic secintillators with

dimensions 37 x 37 x 1.5 cm3, between which were located four plexi-
glass Cherenkov counters, 16 c¢m in diameter and 3 cm thick. The

total area of the Cherenkov counters in each DD was 800 cmg. These /35

Cherenkov counters were used as motion directlon detectors for the
particles passing through the proportional counters, and as particle
selectors with respect to charge. The DD reduced the SEZ-14 instru-
ment relative aperture by a factor of nine; therefore, they were used

differently in the two halves.

In the first half of the SEZ-14 instrument, the DD was con-
nected to generate a coincildence signal from the sensors determining
the instrument angular aperture. In this case, a signal exceeding

v 0.4 Vpreb’ where Vprob is the most probable pulse created by a
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u-meson at sea level, was required from the Cherenkov counter. Ioni-

zation bursts Ei were recorded in the same fashion as aboard the Pro-
ton 1 and 2 AES (since By is a "simple" signal which does not include

coinecidences with other signals); in addition, events of the type

ZlN1 DD Eci, ZlNE Db ECi, analogous to the events ZlNlECi and ZlN2ECi,

aboard the Proten 1 and 2 AES, were reccrded, but with the reguire-

ment for the presence of an impulse from the Cherenkov counter.

In the second half of the SEZ-14 instrument, the DD served as
a8 charge meter: amplitudes of the Cherenkov counter impulses lying
to v 2V

in a "window" extending from 0.4 Vp were selected,

Too prob’?
and only these pulses were used to generate the complex signals

ZlNl LD EC . The asignals from the Cherenkov counter were not used
i

to generate the "master" pulse, therefore, it was possible to eonduct
parallel measurements with and without the DD, i.e., we could measure

the intensities of the events Z.N.,E. , Z.N.E. , as was done aboard
171 Ci 1727Cy

the Proton 1 and 2 AES.

Measurement Results

The all-particle energy spectrum is simply the spectrum of the
ionization bursts caused in the icnization calorimeter by all cosmic
ray particles, regardless of thelr nature, location of entry into the

jonization chamber, and direction of travel.

We should note that if the chemical composition is independent
of particle energy, the heavy nuclel flux in the high-~energy region
constitutes about 40% of the flux of all particles of given energy.

If we consider that the interaction range in iron for heavy

nuclel is somewhat less than the proton range, and for this reason

the heavy nuclel will release in the icnization calorimeter a
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relatively larger part of their energy than the protons, then the
nuclear share in generation of the recorded bursts constitutes about
60 %.

If a primary particle wlth energy E E,. + dE, strikes an ele-

0 70 0

mentary area dSi = dxi + dy, (the subscript i denotes the number of

1
the ionization calorimeter face), and with probability W (u, 2} re-
leases the energy fraction u = Er/EO’ then for a power-law primary

0= A/EOY) dE,, the number of the ioniza- . /36

tion bursts corresponding to the energy release Er’ Er + dEr’ recorded

particle spectrum I (EO) dE

per unit time, will be

2x w2 !

zljlixi jﬁy, Sda 5 dp cosﬁsmﬂx

' :’

- AdE ' -
N (BB =57 x f-ﬁ—'W(u Dde (1)

where o and R are the angles at whlch the primary particle crogses the

ith ionization calorimeter face; Z = 7 (x, y, o, B) 1s the total path
traveled by the primary particle and the avalanche which it generates
in the ionization calorimeter.

We denote

S jen 48 o] copiann-r oty |

o I {
B - : ' L : -

O{.—-;g

Fgl is the global geometric factor (in our case, Tgl =7 (S1 + 82 +

53) cm2 * 8r, Where 8 Sg, S3 are the areas of the base and two

13
sides of the ionization calorimeter).

Then the expression for N (EPP d Er can be rewritten in the form:

N E\dE -M. =T
( EH %ﬂf ’

where

dx;\ dy, | da | co i?dle”"'W ,‘.Zz.ilul
‘Ej' xj' yj’ j sﬂs?nﬁﬁés': (u, Z)

u'f:‘lj:- ‘ - , rgl! ‘ (2)
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|
and 1 A =
N("\""EI‘\F-— ®=0 —1) Flfrglu? 1

i (3)

or
N(=E. A o1
T = &= £ =i (=ZE),
gll- —Eri_ -
e {3a
(=)
Where '
E=— fre |

.

(@1 )7 |

Thus, to obtain the absolute flux of the primary particles
creating bursts with energy release Er in the ionization calcrimeter,

it 1s necessary to refer the measured burst intensity N (2 Er)/rgl /3

to the energy of the first particles EO =

Previocusly [3], we took as{uv:qv—lithe mean energy release u,
corresponding to the ilonization calorimeter mean thickness Z for iso-

tropic irradiation of the calorimeter by the particles. In this case,

7 = 220 g/cm® Fe, u = 0.30.

A more exact calculation performed by Titenkov, in accordance

1 .
with [2], yields for vy - 1 = 1.7 ﬁﬁ:ﬁﬁ:T'= 0.26, i.e., Ey = 3.9 E,

(in place of 3.3 Er in our previous publications [3]).

The gain of the PM-4§ instrument used to record the light flash
in the lonlzation calorimeter was selected so that the triggering
threshold of the first amplitude discriminator was ten times greater
than the pulse created by a single muon passing through the entire

ionization calorimeter, whose thickness was 386 g/cmz. It follows

from this that the energy release E
threshold Vl is

1> corresponding tc the first
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E. =10 * 1.3 - 1.5 ° 106

1 386 g;/cm2 = 7.5 - 109 eV.

Therefore, when recording ionization bursts by the first threshold,

the primary proton energy E = 3.9 El = 29 GeV.

g, 0.1
With each subsequent threshold Ei’ there 1s compared the primary

proton energy E = 29 Vi/Vl GeV, where Vilis the pulse amplitude

0,1
corresponding to the discriminator triggering thresheld. However,
this "correlation" of the discriminator thresholds does not take into
account the possible photomultiplier sensitivity variations as a re-
sult of the effect on the photomultipliers of large vibrational over-
lcads in the initial stage of the flight.

Therefore, we utilized the latitude effect of the protons re-

corded by the flrst threshold, i.e., the dependence of the ZlNlEC

i
event count rate on geomagnetic rigidity R.

The results of these measurements o 3 . K

) A .

are shown in Figure 1, from which we see 27 4 §

that the threshold rigidity for protons -"‘\%wﬁ
corresponding to triggering of the first 7

discriminator of the second half of the
SEZ-14 is equal to 11 GeV/c, or the 7
kinetic energy El = 10 GeV (theoretical

ot by
O T ! 1

(R -‘ﬁ'GeV/c!

Figure 1. Count rate

value of E1 corresponds to 15 GeV). : of events ZlNlEC (1)
1

However, on the average, when recording and ZlNlEC (2} of sec-
e 2]

lonization bursts, less energy by a ond half of SEZ-14 in-
factor of two is released than when re- strument aboard Proton
cording protons, i.e., the first thresh- 2 versus gegmggnetlc

rigidity

old will correspond to mean proton energy
2.+ 10 = 20 GeV (thecretical value is
29 GeV). Thus, for the second half of the Procton 2 SEZ-14 instru-

ment, E, = 20 Vi/V1 GeV.
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Ionization bursts of glven magnitude Ei are created not only by

protons, by also by heavy nuclel. Moreover, for nuclel, the quantity

Y-1

u will depend on the atomic weight A of the nucleus. We considered

only the dependence of the interaction range of a primary nucleus of
atomlc weight A with Fe atomlc nuclei, assuming that the cascade
shape 1s independent of A.

Under this assumptlon, we found that

(A=Y . mA=19]_ (A =30 _
= = 1,1 BT Y =102 -7——-—%— 1.33.
a(A=1) ’ 5(4;13} ’ d(A=1) 33

With account for the fraction of different nuclei uI(Ai) and u (Ai),

we relate the given energy release Ei to the mean particle energy

EO,i’ where

- 0 Vi 19 Vi gey
Eoe= wap v et
a@d=1n: -

The energetic "correlation" of the first discriminator to the lati-
tude effect could not be accomplished for all the instruments, but
only for those SEZ-14 halves in which the threshold was low enough to

record protons with E £ 15 GeV. Therefore, "correlation” of the en-

ergy scale of all the instruments was accomplished as follows.

For each kth instrument, the energy threshold E correspond-

k,i?
ing to the amplitude Vk 1 of the pulse, tripggering the 10 giscrimi-

>

nator can be expressed in terms of Ek 5 = the energy thresheld of
3

the second amplitude discriminator

th]
Vi *

(%)

E,,, =‘Ek.s

In order to determlne Ek 5> We plotted the lonization burst
3

count rate Nk (; Vk i) for each instrument as a funetion of the ith
3

discriminator ftriggering amplitude Vk i The results are presented

3
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in Figure 2, from which we see that all the integral spectra Ni(=V,)]|

have a power-law form with the same spectrum exponent, 1l.e.,

Ny(=V, )=-—2:__ , but several different values of B, . This differ-
PR T, k

ence is associated with different photomultiplier gain. The equality

Nu(=Es,) = N (E;) must be satisfied, meaning that with the correct

determination of the energy scale, the energy spectra measured by all
the instruments will yield the same intensity of particles of the /39
Same energy. Therefore,

-

Ek.s=Ez[‘Nl:((§§;?,)]?“l’ f (5)

where E2 1s the second energy threshold on the second half of the

Proton SEZ-14 for recording ionlzation bursts, and N(z=E,) 1s the

burst count rate corresponding to this threshold.

Using the data of Figure 2, Expressicns (5) and (4), and radio-

technical calibration, i.e., the values of Vk 1> We plotted the en-
>

ergy spectra of all particles for each SEZ-14 half (k =1 - 6). The
results of six independent serlies of ionization burst spectra meas-

urements made aboard the Proton 1, 2, 3 AES are shown in Figure 3.

.
=
]

The absolute intensity of all particles recorded based on the

number of lonization bursts I (2 Ei) was determined using the magni-

tude of the geometric factor T and the Expressions (3) - (5).

gl
We see from Figure 3 that the measured integral all-particle

10 lolu

'épectrum in the energy range 5 - 10 - eV can be approximated

by a power function of the form I (=E)y=AE-b—D withv—I1= 1.73 + 0.05. T.hei
error in the exponent v - 1 1s due, not to the statistics of the ob-
served lonization bursts, but rather to the experimental point scat-
ter, the reason for which may be the low stability of the individual
amplitude discriminator thresholds.
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Figure 2. JIonization burst count

rate versus amplitude V of signal

coming from SEZ-14 ionization

calorimeter installed aboard Pro-
ton 1, 2, 3, AES:

1l — Proton 1, first half; 2 —

Proton 1, second half; 3 — Pro-
ton 2, first half; 4 — Proton 2,
second half; 5 — proton 3, first
half; 6 — Proton 3, second half

of the exponent for particle energies > 10 eV,
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Figure 3. Integral all-
particle energy spectrum.
Notatlons same as in Figure 2.

All the experimental
points for particle energy
14

E~ (3 -5) -+ 107" eV lie some-
what below. the approximating
1.73,

which can be considered an

function with vy - 1

indicatien of possible inecrease

14
However, we cannot

assign sericus importance to this fact, since when recording ioniza-

tion bursts of corresponding particle energles ~ 3 « 10

14 eV, the

amplitude of the signal taken from the photomultiplier anode reaches

values of 150 V. Therefore, we cannot be certain that the intensity

decrease for E v 3 1014

eV 1s not the resuit of disruption of the

linear relationship between the light flash magnitude and pulse

amplitude.
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Singly charged particles of given energy were separated in the

SEZ=-14 on the basis of pulse amplitudes in both proportional counters.

Cases of triggering of the ith energy release discriminatcer in the
ionization calorimefer accompanied by triggering of both scintilla-
tion counters were assigned to the proton recording category if the

pulses In both proportiocnal eocunters 4id not exceed 2.7 V (where

prob

Vprob is the most probable value of the pulse amplitude created by

muens at sea level).

In the previocus proton spectra analyses, we used only those
cases in which in the upper scintillation counter — the interaction
detector — the pulse amplitude corresponded to passage through the
detector of a single particle, l.e., we used events of the type

ZlNl o [4]. As is well known, the spectrum of these events in the
i

12

energy interval E by 10 eV experienced marked increase of the expon-

ent from about 1.7 (for E < 1012

terval 2 » 10%2 - 1013 ev,

eV) to about 2.5 in the energy in-

Reverse current particles may play a definite role in selection

of the events Z;N Although calculations made in [ 3] showed that]

1ECL'
1

we cannot explain quantifatively the observed profton spectrum slope

change by the reverse current of particles from the lonization calori-

meter into the interaction detector and prceportional counters, never- iﬁ;

theless, the general tendency for increase of this effect with energy

increase stimulated us to seek an approach fo the experimental data

which would permlt significant reduction c¢f the possible reverse cur-

rent 1nfluence on the proton spectrum.
To this end, we relaxed the requirement for single particle

passage through the interaction detecter, i.e., all particles with

charge Z = 1 were recorded, regardless of the pulse amplitude in the
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interaction detector. Technically, this was accomplished by separate

measurement of the intensity of events with fixed energy release Ei,

when the pulse amplitude in the proportional counters corresponded to
a singly charged particle and a single particle was in the interac-

tion detector, i.e., events ZlNl c.- (These cases were assigned
1

their own telemetry channels, since they were later used to measure
the effective inelastic interaction sections.) We also measured in-

dependently the number of cases with the same energy release Ei’ with

the same impulse in the proportional counters, but with number N of

particles in the interaction detector exceeding 2 (N2 > 2). Thus,

events 2 NlE

1 were recorded separately. The sum of the

o, and 24N Eq
1 1

intensities of these events is 1ndependent of the reverse particle
current from the ionization calorlmeter to the interaction detector.
Iﬁ order to reduce the probability of scattered reverse current parti-
cles entering the proportional counters and thereby reducing the num-
ber of protons recorded, we plotted the proton spectrum {(intensity of

the sum of events ZlNlEC + ZlN2EC ) only from those measurement
i S |

seances 1in which the carbon or pcelyethylene targets were located be-
tween the proportional counters and the interaction detector.

The intensities I (Z + Z.N.E., ) were measured on the first

1M1Ee, 1Vo8e,

i i
and second halves of the Proton 2 SEZ-14 and on the second half of the|
Proton 3 SEZ-14. The results of these independent series of measure-
ments, made by three different instruments, are shown in Figure 4.

This figure also shows along the ordlnate axis the Z_N.E + Z,N.E
171 Ci 17'2°¢C

event count rate (right hand scale, experimental points 1, 2, 3).

1
The energy thresholds of the different instruments were referred to
the same scale using the result of measurement cf the ionization

bursts E..
i

We see from Figure U4 that all three series of measurements with-

out DD yield results which agree well with one another and, just as
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when recording only the ZlNl o events [4], yield a change of vy, the
i

proton spectrum exponent, in the interval E > 2 - lO12 eV. Thus,

this change of y is not associated with the reverse particle current

from the iconization calorimeter into the DD.

The solid line in Figure 4 represents the function

I(,:-,_E):A( 100

) & a T 1 (6)

1500 |

where E 1s proton energy in GeV;

4 is a normalizing coefficient.

We have ncted previously that be- :Jéﬂb.;i - '_f? o E-W
cause of "overcount™ [3], the ab- ;_' _ ; g !
solute proton flux intensity from Rl ads g\K Xz Y |
he measurements of the Z N.E SN : °J -2l
t 11vey T e \ VAR 713
event count rate, and also the ﬁm MFJ_' o e g !
Z.N.E + Z.N event count ! S
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We were able to estimate the JWQZMT!” | JV'E

4

magnitude of the "overcount" when . aT 7% P ey S|

recording particles with energy

Figure 4. 1Integral proton
energy spectrum; events
available information on cosmic Z N.E + Z N,LE

v 10 GeV after analyzing the

11 Ci 172 Ci
ray particle count rate using the 1 — first half of Proton 2
SEZ-14 telescope, consisting of SEZ-1l4; 2 — second half of
same; 3 — second half of

the interaction detector and the Proton 3 SEZ-14: 4 — events

jower scintillation counter. The ZlNl DD Eci + ZlNE bD Eci
(first half of Proton 3 SEZ-
14, measured with DD)

geometric factor of this tele-

scope was v 800 cm2 - sr. The
count rate at high latitudes was

w220 - 250 sec_l, and at the equator — 75 sec_l, l.e., the absolute

cosmic ray particle flux intensities measured by this telescope at
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high latitudes was 0.28 - 0.31 em™? ¢ see™t - sr-l, and at the

equator — 0.09 em™2 - sec”d - sr i,

Thus, at high latitudes, the average intensity corresponds to
the liiterature data, while at the equator it is four times the true
cosmic ray particle flux. Consequently, the "overcount™ (when re-
cording double coincidences) amounts to a factor of about four. When
measuring the all-particle flux at the eguator, using the same SEZ-14
telescope, with the additional requirement that the particles pass

through the DD, the measured intensity was 0.04 - 0.045 em™2 - sec”t

sr_l, 1.e., Inclusion of the DD into the all-particle recording system

reduces the "overcount" by a factor of two. The imposition of the

requirement for fixed energy release In the ionization calorimeter

{as is the case when measuring the events Z_N. DD E and ZlNl DD EC ) /4

11 C. .
i i

should reduce still further the probability of "addition".

Therefore, at the present time, the most reliable defermination
of the absolute high-energy primary proten flux can be obtained from

measurement of the Z,N, DD ECi + Z,N, DD ECi event intensity.|
Analysis of the informaticn obtained showed thatjﬂ(i N, DD E +

171 C.

i

ZlN DD EC.) is independent of target position; therefore, in order
1

2

to increase the statistics (particularly necessary for proton ener-

12

gies I > 5 - 10 eV), we present the ZlNl DD EC. + ZlN2 DD EC event

i i
intensity, obtained as the mean intensity value from all the measure-
ments, with and without targets.

In order to obtain the absolute proton flux intensity, the meas-

ured count rate was divided by 14 cm2 + sr. The geometric factor of
the SEZ-14 instrument with DD is less by a factor of nine than with-

out the DD, 1.e., T = 47 cm2 - BI; from muon flux measurements at sea

level without and with the DD, we determined the probabllity of
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recording a singly charged particle by the propertional counters and
the direction detector: this probability was n = 0.6; with account
for shading of the SEZ-14 entry window by the Earth (coefficient 0.5)

' = n -+ 0.5 =14 cm2 - 37,

The results of proton flux measurement based on the sum of the

intensitiles ZlNl DD EC + ZlN2 DD EC are shown in Figure 4 (crosses).
i i

The absolute proton fluxes obtained from the intensity of the events
Z Nl DD E + Z N2 DD EC' are plotted on the left scale; the inten-

1 Ci 1 i
sities ZlNl c + ZlN2EC were normalized to the Intensities of the
i i
events Z_N., DD E + Z,N, DD E at the point B = 1011 eV; the nor-
171 C1 172 Ci

malization coefficient was found to be equal to one third, i.e., the

"overcount" in the events ZlNlEC + ZlNzEC yields a factor of about
i i

three.

We see from Figure 4 that measurements with and without the DD

yield the same proton spectrum shape:

Tp(=E)=--3- 104 (E ! 2. =1 _ -1
S 1500

E)&B?‘A‘ E 26EJcm_ -sec T -sT {6a)
Dol (T

Wwhere E i3 measured in GeV.

An important characteristic of the measurements with DD is the
fact that 1n this case, protons entering the SEZ-14 instrument only
from the DD side are recorded. They pass through the proporticnal
counters and then enter the lonization calorimeter. Particles enter-
ing the SEZ-14 instrument through the lower base and yielding a signal
Z = 1 in the proportional ccunter are not recorded. We verified this

as fellows.
Using the indications of the three-component magnhetometer in-

stalled aboard the Proton 3 AES, we selected those time intervals
when the SEZ-14 instrument had its "entry window" facing the Earth.
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Counting of the events ZlNl DD Ec and ZlN2 DD EC terminated each
i i

time the instrument was oriented in this way, relative to the Earth.

In spite of the fact that the conditions of proton spectrum /hh
measurement with and without the DD are different, the shapes of the
spectra obtained by the different methods coincide. This means that
the observed increase of the spectrum exponent in the energy interval

E > 2 lO12

eV is not assoclated either with the possibility of re-
cording reverse-traveling particles {without DD) or with the reverse
stream (as was the case in the preliminary measurements of only

ZlNlECi [(3].

§3, Discussion of Results

1. Absolute high-energy particle flux inftensities

The fluxes of protons with energy E > 15 GeV have been deter-
mined in several experiments performed aboard balloons, using nuclear

photoemulsiions.

The proton flux Ip (E > 15 GeV) = 96 + 13 m? ¢ sec”t .« sr7t
was obtained in [5], and 86 + 12 m_2 . Sec_l . sr_l was obtained in
[6]. The prcton flux Ip (E > 15 GeV) = 83 + 12 m 2 ¢ sec”t sr—l,
i.e., the mean value for Ip (E > 15 GeV) = 88 + 7 n~ - see”t - sr_l,
was obtained in [7]. If we extrapolate our measured prcton specftrum

using (6) to energies E = 15 GeV, and equate I; (> 15 GeV) = 88 +

7 n=% . sec™t - sr_l, we obtain the value for the coefficient A:

(4 + 0.3) * 10—lJr em™© . see™ - sr~}. Our measurements vield

A=3- lO_Ll em™2 - see”t sr_l, i.e., they are in agreement with

the data obtained in the low-energy proton interval. The basiec in-

A

determinacy in the value of A obtalned 1n our experiments 1is asso-
ciated with 1naccuracy of the energy "correlations™ with respect to
the cosmic ray latitude effect.
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2. Comparison of proton and all-particle energy

gpectra

If we approximate the all-particle spectrum by a power-law func-

tion of the form I (; E) = B (IOO/E)Y_l, where BE 1s measured in GeV,

we see from Figure 3 that B = 6 - lO_u cm_2 . sec_l . sr—l

Yy -1 =1.73 + 0.05.

., and

For the proton spectrum measured with DD under conditions of
minimal "overcount" of particles from directions exceeding the limits
of the solid angle defined by the SEZ~-14 geometry, we obtained the

Expression (6), where E is measured in GeV and A = 3 - lO_)4 em™ 2
Seo_l : sr_l. We see from these data that in the particld energy
interval 1011 - 1012 eV, the ratio of the all-particle flux and the

proton flux of the same energy I (2 E})/Ip (> E}) = 2 (for E < 1000 GeV),

i.e., 1t is in good agreement .with the expected ratio. (We noted
previously that about 50% of the recorded bursts will be created by
nuclei with Z > 2, and 50% by protons.)

We note that the ratio I (2 E)/IP (> E) = 2 obtained is inde-

pendent of the energy correlation inaccuracies, since these inaccura-

cies alter the values of B and A to the same degree. The guestion

arises of whether or not the observed all-particle specfrum contra- /45
dicts the fact that the proton spectrum experiences a break at E ~

200C GeV, while the spectrum of all nuclei with Z > 2 remains power-

law with a single spectral exponent over the entire measured energy

interval.

In order to answer this question, we calculated the expected burst)
spectrum under the assumption that the Z 2 2 nuclei burst spectrum|

1.62

has the form IZ (> E) = A - (100/E ), while the proton burst

spectrum has the form (6). Under these assumpticns, the observed
burst spectrum will have the form:
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‘ AL - 1 |
()= A-(IO0/E) {4 i || (7)

Where A = 3 - 10_4 em™2 . sec”t . spr~Y. This function is shown by
fthe s0lid line in Figure 3. We see from Figure 3 that (7) describes
well the experimental all-particle spectrum. Thus, the proton spec-

trum exponent change for E Z 2000 GeV does not contradlcet the ob-

served all-particle spectrum.

Thus, representation of the integral all-particle spectrum in

2

the energy interval 10 E g lO5 GeV by a single power-law function

flA

with exponent v - 1 = 1.73 is approximate, and apparently does not
reflect the actual, more complex superpositlon of spectra of particles

of different nature (protons and heavy nuclei).

3. Comparison of measured spectra with high-energy

nucleon spectra in the atmosphere

For a long time it was thought that the high-energy nucleon
spectra in the atmosphere at different heights contradict the primary
particle spectrum, i.e., they are purely power-iaw with integral
spectrum exponent vy = 1 = 1.6 - 1.7. This idea was based on three
assertions:

a) 1ndependence of nucleon effective inelastic interaction
sectlion on their energy;

b) 1independence of nucleon interaction inelasticity on thelr
ENnergy;

¢) purely power-law form of the primary cosmlc ray spectrum.

In recent years, several studies have been made of the energy
spectra of strongly interacting particles and high-energy y guanta
at varlous altitudes in the atmosphere [8 - 147. 1In spite of the

difference in the methods used, in most of the studies i1t was found
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12 eV, the integral spectrum

that in the particle energy interval > 10
exponent vy - 1 = 1.85 - 2, i.e., somewhat larger than for the primary
particles. Wlth strict satisfaction cof the three condlitions listed
above, ¥ - 1 cannot change. Consequently, the available experimental
data indicate that certain of the listed characteristics are weak

functions of particle energy.

n changes by

Experiments aboard the Proton AES showed that o
v 18% with transition from E = 20 GeV to E = 200 GeV, i.e., assump-
tion "a" is not satisfied exactly. According to our primary particle

spectra measurements, condition "c¢" 1is also not satisfied.

In this connection a question arises: what will the nucleon com-—
ponent spectra be like at various altitudes 1n the atmosphere, if we
assume that the primary particle spectrum and oln are 11ke those
measured aboard the Proton AES? Does not a conflict with the avail-

able experimental data arise in this case?

in order to answer thls question, we calculated the vertical
nucleon flux spectra at various atmospheric depths x (g/cmg) under

the following assumptions:
a) the primary proton spectrum has the form shown in Figure 4;
b) the Z > 2 nuclel spectrum has a power-law form

Iz (?E_)ﬁ?’; 10_4(1,00/‘6)1'62 lem 2+ sec tosrt

b

¢) during collision with the alr atom nuclei, the primary cosmic
ray particle nuclei partially fragment into nucleons {the fractlion of
nucleons retaining the original energy is 50%);

d) the nucleons have mean inelasticity coefficient K = 0.55.

At the depth x, the primary protons and the nuclecns arising

from heavy nucleus breakup contribute to the nucleon flux. Since the
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range for heavy nuclei interaction in alr is short, we can consilder
in the first approximation that fthe nucleon flux at the top of the

atmosphere consists of two components:

F(BE, x=0)=Fy(>E, x=0)+ F2(5F, 5=0), |
where Fp(=E, x=0)1s defined by (6a), and

F(>E, x=0)=C(100/E)"%2) et sec™ 5271

3

Fp are primary protons; FZ are nuclecns from nuclear fragmentation;

E is nucleon energy in GeV.

Since for E £ 10 GeV/nuc, the fraction of nucleons packed in the
nuclei amounts to ~ 40% of the free proton flux with the same energy

[15], and since we have assumed that during fragmentation, half the
-4

nucleons retain the original energy, then C = 0.5 - 0.4 - 3 . 10 =

0.6 -,10‘”.

In the calculation, we took the range for inelastic interaction
with air atom nuclei A = 83 g/cmz, in accordance with the G;?C value

obtained in experiments aboard the Proton 1, 2, 3 AES for proton with
E > 200 GeV [2].

The nucleon flux F (E, x) with energy E, E + dE at the depth x

(g/cmg) was calculated by successive approximations:

5= 7% 3 (o o] 5 ®

Al—K) (1=K | nl?

where K is the ccoefficient of inelasticity.

The calculation results are shown in IPPigure 5 by the solild lines.

The experimental data of various authors gre also shown 1n this
figure.
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Figure 5. ©Nucleon energy spectra at
various depths in the atmosphere:

2 I..:_fi-'-f_
I — x = 20 g/cm” (dash-dot lilne 1is . ;
calculated ¥ guanta spectrum, point - :

12 R g P
for E = 3.5 - 10 eV 1s normed to él .
the calculated spectrum); II — x = I
200 g/cm2; ITT — x = 530 g/ong H]/W#Wf
Iv — x = 700 g/cm2 (dashed line is 'L
the same spectrum shifted with re- ,r?ﬂmuﬂw
spect to energy 20% to the right); |
V — neutren spectrum for x = 1000 o
g/em”, calculated under the assump- mtw-ﬂ—
fion that the neutron flux consti- o
tutes 50% of the nucleon flux; 1 — e

2 © =R

nucleon spectrum (x = 20 g/em™), de- _
termined from the y guantum spectrum N
[10] under/the assumption Ey = 3.5 Ey @Uqu_ :én
2 — nucleon spectrum (X = 200 g/cm?) L IR
obtained from the ¥y quantum spectrum . s o g
[11] under the assumption By = 3 E_; R A
3 — nucleon spectrum (x = 530 g/cmg) a4 o
obtained from the y quantum spectrum N add — s ——
[12] under the assumption Ey = 3.5 EY; N A4 778, eV,
L — gpectrum of all nuclear-active
particles (x = 700 g/cmz), determined
using an ionization calorimeter [8]; 5 — spectrum of all nuclear ac-

tive particles (x = 700 g/cmz), determined from ionization burst meas-
urement [9]; 6 — neutron spectrum at depth x = 100 g/cm2 [13]

We see from Flgure 5 that the available experimental data agree
well with the expected nucleon component spectra at zll atmospheric
depths, calculated from primary proton and complex nucleil energy dis-
tribution measurement aboard the Proton 1, 2, 3 AES.

As was noted in [3], In order to match the measured U;?C

single high-energy nucleon flux [9], it is necessary to assume that

and the

the primary proton integral spectrum exponent in the energy interval /48

E > 1012 eV has a value of ~ 2.3 - 2.5,
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The fact that the primary cosmle ray spectrum is not purely
power-law, while the nuclear spectrum is power-law, leads to a situa-
tion in which, as we can see from Figure 5, the high-energy nucleon
spectra in the depth of the atmosphere will not be purely power-law.
A consequence of this will be the fact that the nucleon absorption
range in the atmosphere will be a very weak function of energy: for

11 12

E ~ 10 ev, L, = 109 g/cmz; for E = 10 - 1013 eV, L = 101 g/cm2.
For higher energles, Ln again increases somewhat if the nuclear

spectrum exponent remains unchanged up to primary particle energies

> 1015 eV. There are experimental indications of weak decrease of L

10 eV to E ~ 1012 -

n

wlth transition from nucleon energies of E ~ 10

1013 eV.

Thus the decreasge of Ln with increase of nucleon energy finds

its natural explanation without assumptions on change of the basic

characteristics of the elementary interactions act.
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APPARATUS FOR STUDYING COSMIC RAYS ABOARD THE
PROTON 4 SCIENTIFIC STATION

N. L. Grigorov, I. D. Rapoport, I. A. Savenko,
L. F. Kalinkin, and G. P. Kakhidze

Introduction

~
I~

The Proton-4 automatic scientific station was launched on Nov-
ember 16, 1968, into near-Earth orbit with apogee 495 km and perigee
255 km, providing long station lifetime. The task of the Proton U
station included continuation of high- and superhigh-energy cosmic
radiation studies initaated aboard the Proton 1, 2, 3 heavy artifi-
cial Earth satellites (AES).

The major portion of this program involwves investigatlion of
cosmic ray energy and charge spectra, and lnvestigation of the most
important characteristics of high-energy particle interaction with
atomic nuclei as a function of energy. Another portion of the program
is associated with seekling in the primary cesmic rays, hypothetical
fundamental particles with fractional electric charge (quarks), and

recording of high-energy electrons in near-Earth space.

In the following, we describe the scientific equipment complex
installed aboard the Proton 4 space station.
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A wide-aperture energy and charge spectrometer {(IK-15) was con-
structed to measure particle energy and charge spectra, and study
nuclear interaction characteristics; this spectrometer constituted
the major part of the apparatus. Two other instruments were designed
to perform the second part of the program: high-energy electron flux
measurement was accomplished by an SEZ-12 instrument; quark recording
was accomplished by an SEZ-13 instrument. Both instruments are im-
proved modifications of installations used aboard the earller Proton

stations.

I. Particle Energy and Charge Spectrometef (IK-15)

for 3tudying High-Energy Cosmic Radiation

One of the most urgent problems of astrophysics 1is the study of
high- and superhigh-energy| particle fluxes in cosmic space, deter-
mination of their ccomposition, ehergy spectrum, and the characteris-

tics of their interaction with matter.

The systematic development of experimental studles in this 4di- /50
rection makes it possible to approach the scolution of the very im-
portant problem of high-energy cosmic radiation parfticle origin, and
explanation of thelr propagation processes in the Galaxy. At the
same time, the same circle of questions is of great interest in study-
ing the properties of the elementary particles which have been dis-
covered in the high-energy interacftion processes. The cosmic radia-
tion particles permlt considerable broadening of the energy interval s
of nuclear studies, which can be conducted on accelerators only up to

1010 - 101t

beyond this 1imit, and makes 1f possible to conduct effective studies
15 1016

eV. The cosmic ray energy spectrum extends conslderably

of thils nature up to 10 eV — the practical 1imit is deter-
mined only by the decaying nature of the spectrum and the ability of
the latest experimental equipment to utilize the weak high-energy

particle fluzxes.

The latfer situation is one of the major difficulties accompany-

ing the conduct of cosmic ray experiments. It requires long exposures
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of the equlpment beyond the Earth's atmosphere and the use of suffi-
ciently fast radiation detectors. At the same time, the physical
variety of the branching processes, which take place in matter during
high-energy particle passage, leads to inevitable methodological com-
plication of the experiment and the need for multiple methodological
variations with the objective of sufficiently precise study of the
phenomena. Also complicated is the composition of the cosmic radia-
tion itself — both in the nature and energy of the particles and the
isotropic nature of the spatial distribution. Under these conditions,
the achievement of adequately definite and reliable results 1s pos-
sible only by means of a systematic investigation, consistently de-

veloped into a series of goal-directed experiments.

The first step, preparing the regulred methodological bases for
the development of cosmic ray studies In the high-energy interval,
was the development of the ionizafion calorimeter method for measur-
ing particle energy = 10" eV [1]. While retaining definite analogy
with the calorimetric method and belng based on the principle of parti-
cle energy absorption in a block of matter with subsequent measurement
of the absorbed energy using the ionization effect, this method re-
quires the use of a large amount of absorbing matfer and the construc-
tion of a complex and heavy detecting device [2]. Therefore, initia-
ticn of the use of this method for direct study of primary ccosmic
radlation beyond the limits of the atmosphere is closely azssoeiated
with the development and construction of heavy AES, which are opening

up a new era in cosmic space exploraticn for scientific studies.

The first series of experiments conducted to study high-energy
primary ceosmic radiation was carried out aboard the Proton 1, 2, 3 /51

gscientific stations. These studlies involved determination of the

charge composition in the energy interval near 109 eVVnuc [3, 47;
measurement of the overall cosmic radiation energy spectrum up to

OlLi eV (protons up to lO13 eV) [5 - 131; measurement of the effec-

1
tive inelastlic nuclear interaction section of high-energy protons
with light nuclei, such as carbon and hydrogen [5, 6, 8, 10, 14 - 19];

study of the electron component [5, 6, 20, 21]; search for quarks
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[22, 23]; recording the gamma quanta in the primary cosmic radiation
flux [24]. The basic apparatus was an ionization calorimeter with
relatively small absorber volume (thickness about three ranges for

2

nuclear interaction and cross section 0.25 m® [25], which limited

the measurement accuracy.

The next step in the development of these experiments aboard the
Proton satellites was directed primarily toward increasing energy

measurement range and accuracy.

The Proton 4 scientific station was equipped with radiation de-
tectors of considerably wider relative aperture, which permitted
realizing the program noted above in the primary particle energy up

to lO15

ionization calorimeter configuration, with a large amount of absorb-

eV. At the same time, the more complex and differentiated

ing matter (Figure 1), not only made possible more exact measurement
of particle energy, but also permitted tracing the process of sequen-

tial energy absorption in the calorimetric material. The range of

Figure 1. General view of Proton 4 station scientific
apparatus complex (left) in comparison with that of the
preceding Proton stations (right)
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huclear investigations was also broadened. In addition to measuring
particle inelastic interaction sections with light nuclei (carbon,
hydrogen), provision was made for analogous measurements on heavier
nucleil (iron and lead) and wider study in this energy interval of the
act of impinging particle collision with the farget nucleus was
undertaken.

In the following, we present a description of the instrument in-
stalled aboard the Proton 4 scientific station and intended for per-
forming these studies -— this instrument is designated IK-15. It can
be classified as a high-energy particle spectrometer for studying

11 _ 1425

cosmiec radiation in the interval 10 eV.

The instrument consists of the following basic components (see
Figure 2):

1) ilonization calorimeter for measuring energy;
2) rccorded particle charge detectors (DD1l, DDEL PC2, PC11);
3) targets for studying nuclear interactions;

)y detectors of particle interaction with target atomic nuclei
(PC3, PC4, PCT7 -~ PC1l0O);

5) auxlliary radiation detectors for generating recording

control command.

During operation of the Instrument in cosmic radiation flux,

the following are accomplished:
a) global recording of particles from all directions;

k) selection of particles in a relatively narrow solid angle in
the direction passing through all the radiation detectors.
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The recording of particles in the
global flux is accomplished only by the
ionization calorimeter, which permits in
this case carrying out global measure-
ments of the energy spectrum of all parti—
cles. Thanks to the large mean effective
recording area and large "viewlng" angle
(the effective s0lid angle in this case
is equal to approximately 2 m steradians),
these measurements cover the largest pos-
8lble energy Interval. The relative aper-
ture is one of the essential ionization
calorimeter parameters, since 1t deter-

" mines the upper recorded particle energy
limit. PFor given abscrber thickness, the
relative aperture is determined by its
cross section and, in the final analysis,
by the permisslible apparatus weight. The
geometric factor of the lonization calori-
meter for global flux recording under the
assumption of 50% shadow of the instru-

ment by the Earth is T =7 (S + 3. +
g X ¥

1

8,) = 1.4 10° em? sr, where 8_, 8

y)

5 are the calorimeter face areas. Quite

A

effective particle recording in global

flux up to 1012 eV is possible with this
relative aperture and an exposure time of
about 100 days.

Flgure 2. Schematic
of TK-1% charge and
energy spectrometer:

1 — targets; 2 —
Cherenkov counters;
3 — charge detector
DD1; 4 — proportional
counter PC2; 5 — in-
teraction detectors —
proportional counters
PC3, PCl; 6 — ioniza-
tion calorimeter:; 7 —
proportional counters
PC5, PCH; 8 — propor-
tional counters PCY7 -
PC1ll; 9 — charge de-
tector DD2; 10 — thin
graphite targets; 11 —
lonization chambers
IK-1 to IK-16

For comparison, we note that the relative aperture

of the ionization calorimeter of the SEZ-14 instruments aboard the

4 2

Proton 1, 2, 3 AES was 2.7 - 10 cm

recording.

sr, for glchbal particle

Recording in a selected direction is accompllished in a consider-

ably smaller solid angle, determined by the charge detector on one

side, and by the proportional counters at the exit from the ionization

T4

.
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calorimeter on the opposite side. Since the ionigation calorimeter
is symmetric in this direction relative to the entrance and exit, it
was advisable for maximal utilization of the flux in this solid angle
to install two charge detectors: DD1 for particles entering the
calorimeter from one side, and DD2 for particles comling from the op-
posite slide. In order to differentiate these directions, the charge
detectors DDl and DDZ2 were given selective sensitivity. Each of
these detectors, roughly speaking, records particles entering the
instrument only from cne side and, therefore, they serve at the same
time as detectors of the direction of particle entry inte the in-

strument.

Particle separation in this so0lid angle is accomplished by
selecting colncidences of the electrical signals from one of the
charge detectors (DDl cr DD2) with the signals of the proportional
counters PC3 or PC4, PC5 or PC6, and one of the counters PCT - PCl1.
The geometric factor of this "telescope" is considerably smaller than

in the first case, and amounts to U20 cm2 + sr (we recall that the
corresponding gecmetric factor of the SEZ-14 instrument aboard Proton

3, operating together with the direction detector, was 47 cm2 - 8r).
Therefore, the possible energy measurement interval in this solid

14

angle is smaller {(up to ~ 10 eV). However, the accuracy of these

measurements within the given solid angle is considerably higher, and

S~
=

particle charge measurements and study of the nuclear processes in
the target and calorimeter material are possibly only for this
separated flux.

Let us examine the recording of a particle entering the instru-
ment through DDl1. Below DD1 is located the two-layer PC2, performing
multiple control particle charge measurements. Then follow the in-
terchangeable carbon and polyethylene targets with thickness equal
to ~ 1/4 of the range for nuclear interaction. The carbon and poly-
ethylene targets replace one another periodically, and part (&~ 1/3)
of the time measurements are conducted without targets (the targets

are removed from the lonization calorimeter entrance window).
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Detection of interaction in the targets is made by PC3 and PCH by
recording the secondary particle showers which arise as a result of
interaction. 1In the first five lead absorbing layers (2.5 cm thick
each), there is intense electron-photon avalanche development, due
to decay of the neutral m-mesons generated 1n the act. The energy
transferred to these particles can be determined from the 1ndications
of the four ionization chambers IK-1 to IK-4, located between the
layers. A more sensltive icnization detector PCH is located below
the first lead layer in order to record weaker ionization effects.
The overall thickness of the lead part of the calerimeter is suffi-
cient, on the average, for electron-photon shower development at the
maximal planned primary particle energy. Thus, the upper lead part
of the calorimeter 1s intended for separation and measurement of the
energy of the first electron-photon avalanche arising as a result of

the first act of particle interaction with the target nucleus.

The further particle interactions and transformations take place

in the following 13 iron absorber layers with total thickness 855

g/cme, scattering of energy in which is monitored by the lonization
chambers IK-5 - IK-1€ located here. The presence of the iron and
lead layers, monitored by individual ionization detectors, makes 1if
possible to measure the particle interaction sections on heavy nuclel.
in this case, the proportional counters PC7 - PCll at the calorimeter
exit serve to restrict the solld angle, in the limits of which pri-

mary flux reccrding takes place.

A particle entering the instrument from the DD2 side crosses
the control PCll (analog of PC2), and enters a block of layered tar-

gets. Here are located four thin graphite layers, each 2.26 g/cm2
thick, with a proportional counter after each layer (PC7T - PCl0) as
an interaction detector. In view of the low probability of secondary
particle multiplication processes in a thin layer, we can determine
from the proportional counter indlcations, the multipliclty of the
secondary particles penerated in the interaction act on the graphite
nuclieus. The subsequent processes 1In the lonization calorimeter do

not differ from the case examined above of particle entry intec the
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instrument from the DDl side. The counters PC3 and PCY limit the

s0lid angle for the flux recorded from the DD2 size.

In addition to combined operation of the charge and energy de-
tectors, autonomous particle recording by DD1 and DD2, apart from the
ionization calorimeter, is accomplished in the IK-15 instrument,
which makes it possible to determine the particle charge spectrum 1in

9 _ lOlO eV/nuc.

the energy interval 10
Let us turn to a more detalled description of the design fea-

tures and basic parameters of the IK-15 functional components.

2. Ionigation Calorimeter

Absorber. The amount of absorbing matter in the ionizatlion
calorimeter determines energy measurement accuracy and, therefore, 1is
one of the important instrument parameters. The maximal thickness of

the I1IK-15 absorber in the direction determined by the charge detec-

tors (Figure 2) is 855 g/cm2 of iron and 140 g/cm2 of lead, which
amounts to 7.5 nuclear interaction ranges. On the average, about 90%
of the primary particle energy is absorbed in this amount of material.
We recall that the calorimeter thickness of the SEZ-14 instruments,

installed aboard the Proton 1, 2, 3 AES, was only 386 g/cm2 Fe, which
constituted about three nuclear interaction ranges [25]. In that
calorimeter, the protons released, on the average, H0% of their en-
ergy. For global particle recording aboard the Proton 1, 2, 3 AES,

the average absorber thickness in the calorimeter was 220 g/cm2 Te,
and, in this case, the protons released ~ 30% of their energy. Aboard

the Proton 4 staticn, the average absorber thickness for global parti-

cle recording is around 400 g/cmg, i.e., about three nuclear inter-
action ranges. The average fraction of the particle energy absorbed

in this case 1is close to 50%.

Energy measurement accuracy depends essentially not only on the

amount of absorbing matter in the ionization calerimeter, but also
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on the number of detectors measuring the icnizaticon created in the
absorber. The thickness of an Individual absorber layer was selected
close to that which is necessary on the average for maximum develop-
ment of the electron-photon avalanche arising in the layer as a re-
sult of nuclear interaction of a particle with minimal limiting en-

11 ev).

ergy in the interval belng recorded (¢ 10
On the basis of these considerations, the absorber was divided

into 13 layers of iron. For constructlonal reasons, the iron layers

were made of different thickness — from 4.8 to 9.8 cm.{(the absorber

layers were thinner in the middle part of the calorimeter because of

the necessity for locating the additional telescope counters PC5 and

PC6). The general construction of the absorber is shown in Figure 3.

The major portion of the absorber is made of iron. The advisability

of selecting iron as the absorber material was pointed out in [2]. /57

In addition, the iron calorimeter absorber forms a quite strong load-

carrying structure, which reinforces the entire apparatus.

Ionization chambers. The lonization chamber was made from

1.5-mm-thick stainless steel in parallelepiped form, with external
dimensiocns 900 x 1045 x 33.8 mm (Figure 4). The chamber was divided
by rigid partitions into 15 sections with common gas filling. The
dimensions of each section were 30 x 60 mm, length 945 mm. Section-
ing stiffens the structure and permits reducing the time for collec-
tion of the charges formed in the gas. The infernal electrodes were
made from l-mm-diameter steel filaments stretched along the sectlions.
The filaments were loaded to 40 kg by means of springs. The filament
ends were attached to cermet insulators mounted on two supports. All
the filaments were electrically connected to a common collector, with
the lead exiting through a feed-through insulator. High voltage is
applied to the electrode, and the electrical signal arising upon
particlel passage is taken out through this lead. The chamber is
welded. A high degree of chamber housing hermeticity 1s achieved
using argon-arc vacuum welding. The chamber capacity was degassed

i

prior to filling by evacuation at a temperature of +200° C to 10" ' mm

Hg for one day. The degree of chamber hermeticity achleved can be
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6 —

4 plate; 8 — left side

5 —- adapter;
9 — attach bracket

1 plate; 3 — type-2

4y — right side panel;

3

2 — type-

>

7 — type

panel;

1l — lead filter;

plate;
type-3 plate;

um Hg/sec.

characterized by the inleakage magnitude ~ 1072

liters

2

the working area is 0.8 m

The total chamber volume is 27.5 liliters,

The structure weighs 26 kg.
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Figure 4. Construction of ibnization chambers (IK-1 to IK-16)

The chamber is equipped with a special value for evacuation and
gas filling. Provisions are also made on the housing for attachment
fittings which make it possible to mount the chamber in the calori-

meter and mate it with the electronic units.

The ionization chambers are filled with xenon with the addition
of 5% nitrogen to a total pressure of 790 mm Hg. The use of a gas
with high density (incomparison with argon, for example) makes 1t
possible to increase the ionization effect created 1n the chamber by
fast charged particles. The addition of nitrogen shortens the charge
collection time and stabilizes the amplitude of the electrical im-
pulses in relation to possible oxygen impurities. The total thick-

ness of the gas layer in the chamber in the direction perpendicular

to its plane is 18.3 mg/cmg. 4 fast s2ingly charged particle crossing
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the chamber in this direction creates in the gas 1.3 - 103 ion and
electron pairs losing to ionization about 28 KeV. The recordable
part of the electron component ccllects under the influence of the
electrical field on the inner electrode {(chamber filament) in a few
microseconds, and creates here an electrical impulse of negative
polarity with amplitude proportional to the energy released in the
gas. If the charge formed 1n the gas were collected completely, 1t
would create in the singly charged ionizing particle case a voltage
pulse with amplitude 0.8 pV (the electrical capacity of the chamber
is 268 + 2 pF).

The operating voltage on the ionization chamber was determined

from the following considerations.
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Figure 5. Relative magnitudes of electrical impulse ampli-
tudes at ionization exit chamber from o particles as func-
tion of chamber working voltage:

a — particle tract direction from midpoint of section side
wall toward inner electrode; b — particle track direction
from midpoint of section upper wall toward inner electrode

Figure 5a shows a curve expressing recorded impulse amplitude

versus ionization chamber voltage. Here, Pu239 a-particles deposited
on the side wall of a standard chamber secticon (the sections had di-
menslons identical fto those of the section in the working chamber)
were used as the ionization source. In this case, the worst condi-
tions for charge collection are realized, since the region with mini-
mal electrical field intensity is subjected to ionization. With an
operating voltage of 1750 V established on the chamber, recording of

85% of the charge is accomplished under conditions of o-particle
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impulse amplitude "saturation"™ (Figure 5). The "saturation" region
is reached in the interval 2.2 - 3.0 kV. At voltages exceeding 3 kV,
secondary processes leading to gas amplification begin to show up.

An analogous curve is shown in Flgure Sb for the case when the ion
column is created by a-particles along the perpendlicular to the plane
of the chamber — from the midpoint of the section upper wall to its
filament. This is the most favorable case for charge collection,
since the ion column crosses the region with maximal electrical field

intensity.

For the selected 1750 V operating voltage, conditions are real- /60
ized under which ion recombination along the track does not occur
for weakly donizing singly charged e

relativistic particles and minimal ;'Hsec; : N 1

charge collection time is achieved. ks B
Figure 6 shows the duration Ty of ZF ;

é"_ ] 1 1 ! '[
the impulse front observed from an AR AN A A a4

a-particle emitted from the section - -

Figure 6. Duration of a-
particle impulse front as
voltage magnitude. The 1mpulse front function of chamber cperat-
ing voltage (particle track
directicn from side wall of
time interval between signal levels section toward inner elec-

0.1 and 0.9 of the peak value. We trode))

see from Figure 6 that, with increase

slde wall versus chamber operating

duration measurement was based on the

of the operating voltage above 1800 V, the value of 1, decreases only

¢
slightly. At the same time, this operating voltage magnitude is sig-

nificantly less than the value at which gas amplification begins to
show up.

Proporticnal counters. Proportional counters are sensitive

lonization detectors which permit reliable reccrding of small ioniza-
effects, beginning with a single singly charged relativistic particle.
Proportional counters of large area for studying high-energy particles
in cosmic space were first developed for the Proton 1, 2, 3 scien-

tific stations.
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The proportional counters perform & different role in the IK-15
system: they form a "telescope" which limits the solid angle of the
system when recording single particles (PCL4 - PC7), and make 1t pos-
sible to establish passage through the fiiter of a primary particle
without shower accompaniment, acting as interaction detectors (PC3,
PC7 - PC10. As previously mentioned, the counters PC2 and PC1ll below
the DD detectors monitor the charge of the primary particles being

recorded.

The variety of counter functions led to differences 1n their con-
struction, although the general configuration of these detectors 1is

the same.

The construction of the counters PC8 - PCl0 isg shown in Figure 7.

These counters, with working area 1.25 mg, contain 17 sectlions with
section dimensions 30 X 60 mm. The overall gas volume of the counter
of this type is 51 liters. The counter welghs 35.6 kg. The counter
dimensicns correspond to the dimensicns of the divided filters be-
tween which they are positioned as interaction detectors.

The construction of the counters PC4 - PC7, located below the
calorimeter absorbing layers is analogous. Their working area 1s 0.8

m2; each contains 15 sections of the same dimensions. The overall

gas volume of the counter of this type is 27.5 liters, weight 1s 25.5

kg. The counters PCH - PC1l0 each have a single electrical lead. The
counters PC2, PC3, PCll have a large gas gap 50 mm high; moreover,

they are dual-layer counters which permit lonization measurements of

high accuracy and identification of single singly charged particles.

One counter of this type, PCll, is shown in Figure 8. This counter

is divided into two layers, each of which has two electrical leads /62
for recording lonization impulses. In each layer, they are 1% sec-

tions of dimensions 50 x 83 mm each. The two layers have common gas

filling. “The overall counter working area is 1.54 m2. In essence,

the counter contains in a common housing four sectional proportional
counters. The counter PC2 1s of analogous consfruction. It consists

of twe layers with 16 sections in each layer with four electrical

83



3

SZ60

A~ HFL) ] _
T . 72/ . '7,_‘;
O[O [P[O[P (O[O0 ®[O[C[O[O[O[O[D[O]
' : Ly N o we'  w Z
» 1 _ ES 7 zZ N
I
. T 3
L ged . %%
NN
% Tl L V24
T B
haa sl ;
| ¥ | Lﬁ

o

A
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Figure 8. Construction of proportional counter PCll

leads. The proportional counter PC3 is two-layer with a single elec-
trical lead from each layer. In each layer there are nine sections
of 50 x 83 mm each. The counter working area is ~ 0.8 m2

Along each section of every counter, a 0.l-mm-diameter tungsten
filament 1s stretched (with tension 0.4 kg) to serve as the inner
electrode. The filament 1s attached to two insulators (see Figures
7, 8). The filaments of all sections of a single layer or part of
the sections, as in the PC2 and PCll counters, are joined electrically
and have a lead passing through a feed-through insulator for voltage
supply and electrical impulse recording. The housings of all the
counters are made from 1.5-mm-thick stainless steel, using the same
technique and the same degassing procedure as the ionization cham-
bers. Tests have shown that with the use of this technology both
the proportional counters and the ionizatlon chambers remain operable

and maintain thelr sensitivity up to a year without refilling.
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The proportional counters are filled QAT
- }, '

with argon with 10% methane addition to a el

total pressure of 270 - 300 mm Hg. a quite :

high gas amplification factor is achieved it

at this pressure and 1.6 - 1.7 kV voltage . i
on the counters. When a fast singly charged !WJ—.

particle passes through the counter in the : . -
direction perpendicular to i1ts plane, a '?i’u}hﬁ’{}iﬁv|

voltage 1mpulse with most probable ampii-~
Figure 9. Counter

fude v 1 mV appears on the counter lead. gas amplification fac-

Figure 9 shows an experimentally obtained tor versus operating
plot of gas amplification factor (GAF) voltage:

. 1 — for pressure 240
in the proportional counter versus supply mm Hg; 2 — for pres-
voltage. sure 300 mm Hg

Ionization detector adjustment and ionization impulse measure-

ment. The lonization detector unit includes: ionization chamber or
proportional counter, high~voltage source (transformer) for chamber
(counter) supply, electronic impulse amplifier, and {(in the propor-
tional counter unlits) two additional amplitude discriminators —

threshold devices to discriminate the "window" corresponding to the
ionization effect of a single singly charged particle. The unit is
a structural whole, and its adjustment i1s accemplished as part of

the system, together with the subsequent electronic metering circuits.

Adjustment of the proportional counter unit sensitivity is ac-
complished by varylng the veoltage on the counter, the gas pressure in
the counter, and the gain in the electronlie circuits. The amplifier
has two amplification stages. The first stage with gain 20 is suf-
ficient for output of signals to the next metering device. The sec-
ond {gain ~v 30) 1is required to excite the amplitude discriminators.
The adjustment of the PC unit 1s accomplished using a natural source
of fast singly charged particles — p-mesons, constituting the hard
component of cosmie radiation at sea level.

Figure 10, I(a) shows the amplitude spectrum of u-meson im-

pulses recorded at the proportional counter PC2 (upper left quarter)
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© Figure 10. Characteristics of proportional counter
PC2:
a — uU-meson amplitude spectrum at sea level at
p :
counter output; b — distribution of counter sensi-

amplifier output.

tivity over rive segments; I — upper left quarter
of counter; II — upper right quarter of counter;
IIT — lower left quarter of counter; IV — lower

right quarter of counter

The abscissa i1s the AI-100 impulse amplitude

analyzer channel number, the ordinate is the number of impulses re-

corded in the corresponding channels.

The spectrum illustrates the

amplitude scatfer at the impulses coming from the given detector aout-

put when fast singly charged particles pass through the detector.

The triggering threshold of the first disceriminator,

required for

the detector to record any singly charged particle (this threshold

corresponds fo an amplitude of ~ 200 uV at the porportional counter

87



Output)sjs|indicated on the abjscissa axis. The most probable spec-

trum amplitude corresponds to ~ 1 mV at the amplifier input.

Figure 10, I(b) shows results of tests of counter sensitivity
uniformity over its area, broken down into five equal segments. The
amplitude spectrum recorded on the given segment was determined for
each gegment, the most probable amplitude values are shown on the
graph.
uniforﬁity over its area, referred to the average value, does not
exceed 10%.

Analogous spectra and sensitivity nomuniformity characteristics
for various parts of counters PC2 and PC3, and alsc for counter PCH,

are shown in Figure 10, 1I, IIT, IV, Figure 11, I, II, and Figure 12.
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5 Figure 11. Characteristics of proportional counter
PC3:
I — upper halfl of counter; II — lower half of
counter; a, b — same as in Figure 10

In connection with the objective of the PC3 and PCY counter
units, which act as interaction detectors, correct adjustment of the
"window", which permits discrimination of single singly charged par-
ticle passage from passage of several particles, takes on particular

importance in these units.

triggering threshold of the second amplitude diseriminator, which
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We see from Figure 10, I(b) that the counter sensitivity non-

Critical here is the establishment of the
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sets the upper limit of the "window". A satisfactory compromise was

found in the relationship between the second discriminating threshold

and the probable amplitude in the spectrum, which 1s indicated in

Figures 11, I, II and Figure 12. With this adjustment, the effective- /66
ness of single singly charged

particle recording in the "window" ‘ri
limits is 75%, while the proba- £
bility of recording two particles ¥ g7

as a single particle is less

7 i -
than 20 %. 27 1#7 ChannelgAI~100
8 o ‘Thresrf ‘Threshold
S oldl
AdJustment of the ionization L
chamber unit involves setting the j b .
14 !
required electronic amplifier g : i
'y - . ') - ’ g -1 'a
sensitivity. The lower limit of ”2 S, -é'-éﬂﬁﬁc seément[
recordable amplitudes is bounded S ‘
by amplifier input self-noice Figure 12. Characteristics of

(é 15 uV)J Here, reliable record- proportional counter PC4:

ing can be initiated with the a, b — same as in Figure 10
icnization effect created by
simultaneous passage of 50 - 60 fast singly charged particles. With
account for this value and also the threshold sensitivity of the fol-

lowing measuring circuits (v 5 mV), the gain is set at 250 - 300.

Two technigues for calibrating the electronic circuits were
adopted in order to correlate the reccrded impulse amplitudes with /6

the ionigation effect created in the detector: calibration by a

"reference" charge and calibration by voltage pulses.

The flrst technique involves applying a charge equivalent to
definite energy release 1In the lonization detector gas to the ampli-
fier input circuit through a small calibrating capacitor (v 5 pF).
The second technique involves applying to the amplifier input voltage
pulses simulating the impulses generated by the detectors for given
energy release in the gas. In both cases, guite exact simulation
of the calibrating pulse shape 1is essential for egquivalent recording.

Figure 13 shows as an illustration the pulse shapes observed at the
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ionization chamber amplifier ocutput for calibration by charge (a)

and voltage pulse (b) in comparison with the pulse from an d-particle
(¢) emitted from the side wall of one of the sections. Analogous
pulsF shapes observed at the output of the proporticnal counter

amplifiers are shown in Figure 1k4.

o 2 ¢ ¢ T o0 Usec/
i ;al
g
Z ¥ J‘Tscan’ usec/
i ;-b! '
Figure 13| Shapes of pulses Figure 14. Shapes of pulses
observed at ionization chamber observed at proportional counter
amplifier output: amplifier output:
a — from calibrating signal a — from y-mescns; b — from
for calibration based on charge; calibrating voltage impulses
b — Tfor calibration by voltage
impulses; ¢ — from o-particles

The pulses from the amplifier ocutput are directed to a multi-
channel amplitude meter. Fach ionization detector output channel
(except for counters PC5 and FC6, which serve only for control signal
generation) is equipped with individual amplitude analyzers. Certaln
channels are equipped with two analyzers to increase the measurable
amplitude dynamic range (the channels of proportional counters PCH,
PC7 = PC10 are of this type). The amplitude analyzer performs double
analog-numerical conversion of the recorded pulse amplitude into code /68
and transmission of the code to the telemetry system. The amplitude
anaglyzer also performs temporal selection (with resoclution time 5 - 6
usec) of the recorded pulses and amplitude analysis of the input
pulse; storage of the code corresponding to the pulse with subsequent
transmission to the telemetry system is accomplished oniy in the pre-
sence of an enabling command in the form of a control pulse generated

by the IK-15 logic unit. Linear pulse transmission without significant
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amplitude distortions upon control command is the first operation

carried out in the analyzer.

The second operation entaills logarithmic transformation of the
amplitude of the impulse selected for recording into six-place binary
code. With acccocunt for the adopted amplitude quantization step of
v 10%, the analyzer permits amplitude measurements in the dynamic

rangs up to v 103. A second conversion into two-place octal code is

accomplished in the subsequent oufput circuits. At the output of
each of these places, there are eight quantized voltage levels (from
0 to 6 V), which are transmitted directly to the telemetry system.
Amplitude recording of the pulses measured by a single analyzer is
accomplished by two ftelemetry channels. The information cn the am-
plitude of each recorded pulse 1is retalned until thé arrival of the
next pulse. At the moment of arrival of a command for pulse trans-

mission, preliminary "clearing" of the memory unit is performed.

In all, the IK-1l5 amplitude and measuring unit includes 42 ampli-
tude analyzers for measuring the amplitudes of the pulses coming from
the proporticnal counters, ionization chambers, and Cherenkcv counters
in the charge detectors.

Figure 15 shows the amplitude-number calibration characteris—
tic of the proporticnal counter circuit. The calibration was per-
formed by calibrating voltage pulses applied to the PC amplifier in-
put. The input amplitude values are shown along the abscissa axis
to logarithmic scale, and the corresponding values of the numerical
code generated at the amplitude analyzer cutput are shown along the
crdinate axis. We see from the graph that the amplitude variation
range 1s 800. The measurements beglin with amplitudes comprising 0.2

of the most prcbable value Iprob corresponding to fast singly charged

particle passage, and reach amplitudes corresponding to passage of
160 particles. This is the ionization measurement range for the
proportional counter. If two measureing cilrcuits are available, the
measurement range expands to icnizations corresponding to 2 - 10”
particles.
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Figure 15. Typical amplitude-

number characteristics of cir-

cult for recording pulses from
prcportional counter

The ionization chamber meas-
urement circults components have
similar characteristics. Figure
16 shows the amplitude character-
istic of the ionization chamber
clrcuit. Here, the calibration
voltage pulse amplitudes at the
amplifier input are expressed as
the number of fast singly charged
particles creating equivalent
ionizatlion in the chamber gas
{abscissa axis). We see from the
figure that measurements can be
carried out here for the ioniza-

tion effects created by simul-

taneous passages of from 40 - 50 particles, up to 2
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Figure 16. Typical amplitude-
number characteristic for cir-

cult for recording pulses
from ioniwation chamber
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Figure 17. Actual amplitude-
humber characteristics of
circuits for recording pulses
from ionizatlion chambers

IK-2 and IX-5:

1l — for calibration based on
charge; 2 — for calibration
by voltage pulses

10u particles.

For certaln ionization detector components, the characteristic

does not have the ideal form presented in Figures 15,[16.

Shown as

an illustration are the characteristics of the IK-2 and IK-5 measure-

ment clrcults (Figure 17); curves 1 correspond to circuit calibra-

tions based on charge, curves 2 correspond to calibrations by volt-

age pulses; the ordinate axis is the number of pulses at the ampli-

tude=number converter output.
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significantly in form, indicating equivalence of the two calibration
techniques. Their shift along the abscissa is associated with the
scaling coefficient difference, which must be taken into account in
referring the arbitrary amplitude values shown along the abscissa

axis to the amplifier input.

Calibraticn generators which could be activated and deactivated
on command from the Earth were provided in order tec check for sensi-
tivity change of the amplification circults and metering devices dur-
ing the experiment. The calibration voltage pulses are appllied to
the input of each amplifier in the ionizaticn chamber and proportional
counter systems. The magnitudes of these calibration amplitudes
(CGl and CG2) are indicated on the amplitude characteristics of
Figures 15 and 16.

The DD charge detector is one of the essential functional com-
ponents of the IK-15 spectrometer. As indicated by the name, its
basiec task 1s to determine the nature of the cosmic radiation parti-
cle being recorded by tﬁe Instrument by measuring 1ts charge. The
principle of these measurements 1s based on recording the Cherenkov
radiation excited by a relativistic charged particle in a transparent
medium. The intensity of this radiation depends guadratically on the
transiting particle charge. This principle 1s widely used in experi-
mental studiles of primary cosmic radiation composition, specifically,
it was used for these same purposes aboard the preceding Proton

gseientific stations.

The primary procedural and technical difficulty in its realiza-
tion in application to the IK-15 spectrometer involved the necessity
for creating a detector which exceeded considerably in effective area

all preceding experiments of similar nature.
The basgsic ldea of the DD design was to configure a detector of

large area from a large number of small Cherenkov counters which had

been tested systematically during previcus experiments in space. The
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following "stepped" instrument structure was adopted: four Cherenkov

counters were combined into a section forming a completely autonomous
instrument; four sections operating intoc a common measurement output

constitute the DD. The presence of the four independent sectlons

ensures high reliability of the instrument as a whole.

Figure 18 shows a plan view of the general configuration of DD1,
consisting of four sections. The sections are mounted in a common
frame 2. The frame crosspleces provide quite rigid support for each
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Figure 18. Configuration of DD1 charge detector
sections (top view):

1 — detector supports; 2 — common frame; 3, 4,
5 — electronic units

of the sections. The DD1 is attached by four welded supports 1 to
fthe lonization calorimeter above the continuous filter unit. The

DD electronic units (3, 4, 5) are mounted on the side surface of the
frame. The configuration of DD2 is similar with one essentigl dif-
ference: mounting of DD2 on the IK-15 is accomplished using two
welded supports.
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A schematic of one sectlon with in-
dicatlon of the corresponding geometric
dimensions is shown in Figure 19. The
section consists of four Cherenkov

Il

izd

gounters, Joined by two common scintilla-

tion counters, forming the "telescope".

Coincidence of pulses coming from both

counters at the moment of particle pass-
| 3
age through the telescope serves as a : ) ; i
< T .
signal for selection and amplitude analy- :ES of 3 !
. . . '\ /’1""\ ~ -‘;/’T“‘\ R '
8is of the impulse at the combined output / ‘—l JhN
1 - Loy !
of the section Cherenkov counters. The ‘ﬁg \J“!f \\j:/ |
g !
dimensions shown make it possible to by 1

estimate the relative aperture of the
Flgure 19. Schematilc

of one DD charge de-
tector section

entire DD instrument. The geometric

factor of the DD is 1960 em® - sr, which
exceeds by 18 times the relative aperture

of the charge detector used in [3].

Let us examine in more detail the construction of the secintilla-
tion and Cherenkov counters. Each scintillation counter consists of
a radlator and two PM-53 photomultipliers. The scintillation counter
radiator is made from a plastic scintillator using polystyrene with
the addition of p-terphenyl. The radiator has the form of a plate

with dimensions 375 X 375 % 15 mm. All the radiator surfaces are
polished, the side surfaces are, in addition, coated with white
enamel for diffuse scattering of the 1light, which permits increase

of the radiater 1ight output.

Structurally, the scintillaticn counter 1s made in the form of
a plate, on which the scintillation counter housing is mounted. The
radiator is located in thils housing. For protection against mechani-
cal damage during vibratiocn, the radiator is packed between two pads
fabricated from 2-mm-thick rubber, and a 2.5-mm-thick rubber pad is
provided around the perimeter between the housing and the radiator;

the radiator is held down by a cover. QGaskets made from paronit
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material are provided between the housing, cover, and‘plate to ensure
light tightness; recording of the light impulses is accomplished by
two photomultipliers (PM) which are in optical contact with the radi-
ator through a light guide. To obtain good optlical contact, the con-
tacting surfaces of the PM, light guides, and radlators are coated
with silicone vaseline and lapped together carefully. Mounting of

the PM-53 photomultiplier, together with the high-voltage dividers,

is accomplished with the aild of a special framework, which 1s designed
to protect the PM against extraneous light and prevent mechanical
damage.

The Cherenkov counter (Figure 20) conslsts of the radlator 1
and PM-49 photomultiplier. The radiator is made from plexiglass in
the form of a 154.5-mm-dlameter cylinder, 30 mm high. The radiator
surface contacting the PM-49 1s polished, all the other radiator sur-
Taces are matte and coated with black enamel to absorb the Cherenkov
radiation arising in the radiator from cosmic particles entering the
instrument from the PM.

The Cherenkov counter radiator and PM-49 photomultiplier are
mounted in a specizal housing. The new Cherenkov counter design
utilized the PM-49 housing which had been used aboard Proton 1, 2, 3,
and which had proved to be a convenlent and reliable unit. The hous-

ing protects the PM against extraneous light and mechanical damage,

~
W8]

and alsc ensures rellable optical contact of the PM with the radiator.
The photormultiplier, radiator, and electronics mounted on the housing

form an individual eliectfronic unit.

Mounting of the phofomultiplier and radiator 1s accomplished as
follows. The photomultiplier is supported in the housing with its
shell resting on a gasket 3 made from vacuum rubber bonded to the
clamping ring 4. Clamping of the photomultiplier to the radiator is /T4

accomplished by three screws 5 which pass tThrough threaded sleeves 6
and are connected with the clamping ring.
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Figure 20. Cherenkov counter

The radiator and optical contact are mounted on the photomulti-
plier. For relliable contact, the photomultiplier and radiator con-
tacting surfaces are coated with silicone vaseline and lapped toc one
another, after which the cover 8 with vacuum rubber gasket 9 is in-
stalled on the light-tight hcusing 7. The wvacuum rubber provideé
reliable protection of the radiator surface against mechanical damage
during vibratory loads.

In the cover 8 there 1s a threaded sleeve 10 with nut 11 for

attaching the lightgulde 12 coming from the light generater. The
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light generator generates calibration light pulses which are applied
to the photomultiplier during adjustment of the Cherenkov counter

from the automatic sensitivity adjustment system.

A11 details of the light-tight housing are black anodized or
oxidized (depending on the material). The rivets, attach screws and
sleeves passing through the light-tight housing wall are coated with
‘black glyptal lacquer. The light-tight vacuum rubber gasket 13 is
provided where the light-tight housing joins the cover 8. In the
upper part of the light-tight housing adapter, there is installed
the plexiglass drum 14 with built-in voltage divider for power supply
to the photomultiplier dynodes. The electronlc units which transform
the high-voltage power for supplying the photomultiplier and pulse

amplifier are mounted on the shell 15.

The anodes of the four PM-49 in cne DD section are connected
together, and form the common signal output of the Cherenkov counters
of that section. The pulses from this output are amplirfied by a com-
mon amplifier (gain about 160) and discriminated by a common output

threshold device (threshold Z. ~ 1.5 mV), which is triggered by pass-

0
age through the counter of any charged particle, including a singly
charged particle. The Cherenkov counter sensitivity 1is established
by selecting the voltage on the PM-49 (1.4 - 1.5 kV) so that the most
probable ampiitude of the pulses excited by passage of a singly
charged particle will amount to 5 mV on the PM anodes. The choice

of such a low amplitude level for the singly-charged particle (Z = 1)
makes it possible under these conditions to record amplitudes over a
gquite large dynamic range (up to 4 ~ 50) in the limits of the photo-
maltiplier amplitude characteristic linear segment.

Passage of a singly charged particle through the Cherenkov
counter is accompanied by considerable scatter of the excited pulse
amplitudes. Figure 2la shows typical amplitude spectra, recorded at
the PM cufput with p-meson passage {(the ordinate is the number of
pulses recorded in the corresponding channel). The spectrum span

(width) determines the detector rescolution for recording particles
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of different charges. In 1 : #
. &0 al 2000

the case of comblned opera- : . '
wr}  PMlwwrn Vir i

tion of four PM into a con- PMEas A8

o - PMbgw iz ro0r}-
mon output, the width of : PMWFH 47
/09 1 -
the overall amplitude spec- N i _ o
trum depends silgniflcantly ? 17 7e I /7
on matching all the PM Analyzer channels
sensitivities. Bven with Figure 21. Amplitude spectra of u-

proper initial adjustment meson pulses for four Cherenkov
counters of one sectlon prlor to
their adjustment (a) and form of

of time there will inevi- thelr combined spectrum affter auto-
tably be drift of the sen— matic sensitivity adjustment (b)

sitivity of each ¢of them

of all the PM, in the course

and general detuning of the section.

Therefore, periodic autotuning of section PM senslitivity is
necessary. This requirement applies even more to the entire DD de-
tector, which combines 16 Cherenkov counters. A pptentiometric sys-
tem for PM sensitivity autotuning is provided in the DD detector.
Four reference light pulse generators (each section 1s serviced by
an individual light generator) are activated twice a day on command
from the Earth. The reference light pulses are directed with the
aid of flexible lightguides to the PM-49 photochathodes. The inten-
sity of these light flashes 1s regulated 80 that for normal PM ad-
justment they excite on the FM anode pulses with amplitude in the
range 200 - 215 mV.

After 20 minutes, the time required for light generator stabi-
lizatlen, the mechanism whiech rotates the potentiometers regulating
PM supply voltage is activated. At the same time, the commutator
of thils same mechanism connects the output of each of the photomulti-
pliers being tuned in turn to a comparison circuit, in which, on the
basis of the reference signal level, a command l1s generated which
controls the mechanlsm for rotating the corresponding potentlometer.
After checking and correcting the sensitivity of all 16 PM, the auto-
tunlng system is deactivated. Autotuning of PM sensitivity relative
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to one another is accomplished by this system to within *+ 5%, which

is quite adequate for amplitude spectra matching.

Figure 21b shows the form of the amplitude spectrum recorded
from p-mesons with combined operation of the four Cherenkov counters
of a section when PM-49 sensitivity adjustment was accompllshed with /76

the indicated degree of accuracy. Prior to autotuning, the amplitude
spectra from the same counters had the form shown in Figure 2la.

The general form of the amplitude spectrum recorded by four DD
sections operating into a common output when using autotuning is

shown in Figure 22k, in compari-

son with the spectrum recorded Y ¥
by a single section (Figure 22a). Wit S
Jidg 500 1 ’iﬂ

The amplitudes of the Cher- 2000 ﬁ%?h
enkov counter pulses coming from )
each section are summed after g wr Smv
preamplification in a common cir- g ‘ _ Z}I A
cuit, and are then discriminated AT-100 channels
by six threshold devices, tune Figure 22. u-meson pulse am-

plitude spectrum at output of

to levels corresponding to pass- one DD section (a) in compari-

age of particles with charges son with amplitude spectrum
Z,=2,2,26,Z,=10,Z, = 20, Z,= 30, obtained from combined output
? : = s o= 30 of 16 Cherenkov counters with

Z; =5, Triggering of the dis- sensitivity autotuning (b)

eriminator Zi simultanecusly with

the appearance of pulses from two scintillation counters indicates
passage within the 1limifts of the sclid angle of a particle sectlon |
with charge > Zi' In this case, the DD electronic unit generates a

triple colnecidence signal CZZi. The count rates of these signals

are recorded by the corresponding telemetry channels, and these data
contaln information on cosmic radiation charge composition in the

1010

energy interval 109 - aV/nuc.
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More precise amplitude measurements of the DD pulses are accom-

plished with the aid of the amplitude analyzers described above.

Here, use is made of two analyzers, which permlt measurement
over a wide range: measurement of charges up to Z ~ 7 1g accomplished
with the aid of the first (sensitive) analyzer, the second expands
the measurement range to Z ~ 50. FPFlgure 23 shows the corresponding

amplitude-number characteristics

of these analyzers (the abscissa "o

15 the voltage pulse amplitude, £4n _

referred to the PM-49 anocde}. Zf:

Measurement of the amplitudes in -

these analyzers 1is accomplished g

only on the corresponding command rg 447

from the IK-15 logic unit. Genera-

tion of this command 1s associagted Plgure 23. Amplitude-number

characteristics of DDI charge
detector pulse recording
ficiently high energy 1iIn the limits system:

with passage of 2 particle of suf-

ol the solid arigle formed by the 1 — sensltive channel; 2 —

1" n
detector DD and proportional coarse” channel

counters PC3 -PC1l0.

s
-1

The detector DD also participates in generation of thils command.
A signal 1 indicating coincidence cf the pulses [rom the counters
FC3 {(or PC4), PC5 (or PCH), PCT - PCL0O enters the DD electronic unit.

A corresponding signal z.t, indicating coinecidence of the pulse T

0
with the pulse €520 is generated in the DD electronlc circuits. The

signal ZnT indicates passage of a particle in the so0lid angle noted

above.

Another auxiliary signal, which 1s required feor Joint operation
of the DD wifth the ionization calorimeter, is generated in the DD
electronlc circuits in the case of single singly charged particle

(proton) passage through the instrument. This signal 295 together
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with the signal T, forms the colincidence signal Z1T s indicating

proton passage through the IK-14 in the 1limits of the specified solid

angle.

4._ Targets

Each of the "thick" targets (graphite and polyethylene), located
below the charge detector DD1, is made structurally in the form of
two halves located opposite one another (Figure 24). Filter alterna-
tion is accomplished by sequential displacement of these halves 1n
fhe direction of the system operating window or beyond the limits of
this window. Egch half 1s mounted
in an individual box of identical
construction for both halves.
The more dense carbon target 1is
distributed uniformly in the box
in three separate layers (Fligure
25). The polyethylene target
f1l11s the entire box volume in

five layers (Figure 26).

The total thickness of fthe Figure 24. Relative position-
P ing of target blocks and di-
carbon target is 22.3 g/em™, that rection of thelr displacement

of the polyethylene target is 26
g/cmz. The excess of polyethylene target matter in comparison with

the carbon target amounts to 3.7 g/cmg, and is due to the hydrogen
atoms.

Alternation of the carbon and polyethylene targets is gccom-
plished twice a day on command from the Earth. The basic configura-
tion is that when all the targets are withdrawn beyond the limits of
the system working aperture. In the next stage, the polyethylene
target is inserted. Then it is replaced by the carbon target. Then
measurements are again conducted with the targets removed.
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The thin divided carbon targets are stationary. They are used

with the detector DD2 activated. Here, there are in all four carbon

layers, each 2.26 g/cm2 thick.

5._ Interaction Detectors

The two-layer proportional counter PC3, located beneath the
"thick" target, makes it possible, on the basis of the ionization ef-
feet created in this counter, to discriminate cases of single singly
charged particle (proton) transit without interaction in the target
from cases of inelastic interaction with formation in the target of
a shower of several secondary charged particles. 1In the first case,
the amplitude of the pulse from PC3 lies in the limits of the "win-
dow" between the first and second amplitude discriminator thresholds.
In the second case, the amplitude of the output signal goes beyond
the 1limit of the "window", which serves as an indlcatlon of inter-

action.

If charged particles do not arise in a nuclear interaction but
only m°-mesons occur, then such interactions can be recorded on the
basis of the ionization effect in the proportional counter PC4 as a
result of electron-photon avalanche development in the lead filter
located above this counter. Therefore, simultanecus presence of
pulses from counters PC3 and PC4, with amplitudes in the 1imits of the
"window'", can serve as an indication of absence of interaction in the
target. The IK-15 electronic unit identifies such cases specifically,
and generates on the basis of pulses from PC3 and PCY a special sig-

nal Nl’ indicating absence of interaction in the target with passage

of a single singly charged particle. We can also estimate the mag-
nitude of the ionization effect in counters PC3 and PCY from the

indications of the corresponding amplitude analyzers,

The proporticonal counters located between the thin divided tar-

gets act as interaction detectors. A special signal analogous to Nl

is not generated for these counters; we can evaluate the absence or
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presence of interaction here by the indications of the corresponding

amplitude analyzers.

Passage of a primary particle through the ionizaticn calorimeter
may be accomplished by the appearance of secondary particles, which
are scattered in the reverse direction. These particles may strike
the corresponding detectors and distort the proton spectrum shape.
In order to study such phenomena, evaluate their probability, and
clarify their role in the measurements, in the upper part of the IK-1b
instrument on the DD1 side there are located shower indicators, as /81
which we use the four lower scintillation counters, forming part of

DD1 and connected in pairs in the double ccincidence scheme CiCj.
Coincidence of tne pulses Ci and Cj’ arriving simultaneously from

several counters at the moment of recorded particle passage through
DD1 and the ionizaticn calorimeter, indicates passage through the
detectors of several shower particles. The counters PC2 (when DD1
is working) and PCll (when DD2 is working) serve to determine the

number of such particles.

The auxiliary proportional counters PC5 and PC6, mounted in the
central part of the ionization calorimeter, participate together with
the other detectors in the selection of those primary particles which
pass through one of the charge detectors DD and the ionization calori-
meter. The counters are adjusted so that thelr output threshold
devices trigger only with passage through the counter of more than

ten shower particles.

Recorder
Two measurement techniques form the basis of particle recording
in the IK-15 spectrometer. The fTirst consists 1in selection of re-
corded events of a qulte narrow class (for example, protons with

energy > Ei) with subsequent measurement of the rate of occurrence
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of the identified events. The second technlque involves 1ndividual
measurements of the amplitudes of the pulses from the sensors for
each recorded case. The first technique 1s used for recording fre-
quent events, the second is used for quite rare events, when indivi-

dual telemetry measurements can be made.

The first technigue includes recording of global high-energy
particle fluxes. In these measurements, only a single detector is
used — the lonizatlon calorimeter. The pulses from all the ioniza-
tion chambers are summed, with respect to amplitude in a common cilr-
cuit, at the output of which amplitude discrimination of the pulses,

based on 10 levels Ei (i = 1 - 10) approximately equally spaced on a

logarithmic scale, is accomplished. Measurement of the event record-
ing rate in the channels of these discriminators makes 1t possible
to determine the intensity of particles with energy > Ei’ and estab-

11

lish the shape of the energy spectrum in the interval 10 - 1016 eV.

Recording of the cosmic radiation proton component is a measure-

ment of the same type. On the basis of the signals 24T, arriving

from the charge detector DD1, we identify protons which do not experi-

ence interaction in the target (signal Nl) and pass in the limits of
the calorimeter solid angle wilth energy release > Ei' The required

particle selection is accomplished on the basis of coincidence of the

signals 21T Nl’ Ei' Recording of the events as a functlon of the

channels selecting these colncidences makes 1t possible to determine

~
oo
no

the proton energy spectrum and measure thelr effective inferaction
section with carbon and hydrogen nuclel by comparing the fluxes re-

corded in the presence or absence of the targets.

Measurements of this same type are associated with particle

separation on the basis of charges > 23 in the detectors DDl and DD2,

with subsequent recording of the CsZy event ceccurrence rate.
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Let us turn to measurements of the second type. Individual
measurements in the gllobal flux are made only in relation to the
overall energy release in the ionizalicon calorimeter for quite rare

particles with energy release 2 1014 eV. In the case of such energy

release amplitude, analysis is perfocrmed of the signals coming from
the output circuit which sums the pulses from all the ionization

chambers. The amplitude analyzer intended for this purpose has an

amplitude range of more than 103.

For particles ZoTs recorded in the limits of the so0lid angle,

individual recording is performed with amplitude analysis of all the

detectors DD, PC, IK (except for PC5, PCH), beginning with energy re-

lease in the ionization calorimeter E v 1013 eV, In the case of co-

0

incidence of the signals z,.1 and E a command M 1s generated which

0 0°?
permits passage and analysis of the pulses in the amplitude analyzers
of all the detectors. On this same command, measurement 1s performed
in a speclal analyzer of the overall energy release in the calori-
meter, and the presence of signals from the shower indicators DD1 is

noted, i.e., recording is performed of the coincidence pulses MCiCj,

where Cj’ Ci are the signals from the corresponding pair of scintilla-

ftors DD1 (i, J =1 - 4).

For individual recording of particles in the lower energy in-

terval (with energy release > 1012

eV}, selective recording of the
events is performed by dividing the frequency of their recording in
the ratio 1 : 43. Por the events selected in this fashion, a command
MB is generated which permits amplitude measurements in the channels

of all the detectors.

Generatlon of all the indicated controcl and recording sighals is
accomplished in the IK-15 elecftronic recorder, containing 21 blocks.
The transformer circuits which supply the amplifiers and high-voltage

transformers of the lonization chamber and proportional counter
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components are concentrated 1n a special block. Distribution of the
pewer from the onboard sourbe to all the IK-15 electronic blocks is
accomplished in the other block. Reception and execution of the com-
mands for turning on and off the eguipment, and turning on and off
the reference generators, are also accomplished here. The clrcuits -
for automatic control of filter motion, activated on command from the

Earth, are concentrated in four separate blocks.

A special commutator is supplied for reception and execution of
commands for changing the IK-15 cperating regime. Activation of both
detectors DDl and DD2, or operation of only one of them together with

~
(as]
lLA.)

the ionilzation calorimeter, 1s possible on commands transmltted from
the Earth. Deactivation of the detectors DD1 and DDZ and aufonomous
operation of the ilonization calorimeter to record the particle energy

spectrum in the global flux 1s alsc possible.

II. High-Energy Electron Spectrometer (SEZ-12)

in the primafy cosmic radiaticon composition, the high-energy

electren flux is very small, and amounts fto n 10-2 of the overall

particle flux. Nevertheless, study of the electron component 1s of
considerable interest, particularly in connection with the gquestion
of origin of this component. Measurement cof high-energy electron
intensity in cosmic space and determination of thelr energy spectrum

can provide essential information in this regard.

The gquestion of intensity of electrons with energies above 107

2 - 103 km has become

eV in near-Earth ccsmic space at altitudes of 10
of particular interest in recent years in connection with experiments
to study the electron flux undertaken aboard the Proton 1 and 2 AES
f20]. The results cobtalned in these experiments permitted making
certain assumptions on high-energy electron behavior in near-Earth
space. Therefore, it is important to verify and refine these data

in subsequent experiments.
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The basic difficulty in studying the primary cosmic ray electron
component lies in the smallness of the electron flux and the proce-
dural complexity of identifying the electrons on the background of

the dominating relativistic proton flux.

The SEZ-12 instrument, desipgned for discrimination and measure-
ment of electron intensity and energy spectrum, was installed aboard
the Proton 4 space station. It is an 1lmproved verslon of the instru-

ment used earlier aboard the Proton 1 and 2 AES.

Instrument schematic. The

instrument contalns the following

basic elements (Figure 27).

1. Cherenkov counter with
plexiglass radiator 1 (PCC), which
is the upper counter of the tele-
scope. Amplitude selection of the
pulse from the ocutput of this de-
tector, accomplished wtih the aid

of the differential window AB,

makes it possible to discriminate “@§§§§§;

single singly charged relativistic o RR7
particles arriving frcem the upper % 7 FoqZ
hemisphere in the telescope so0lid )
angle. The integral threshcld unit Figure 2Y. Schematic of

B monitcrs detector operation. SEZ-12 giggzigzgggr?lectron

@l - @12 — photoelectron
2, SBeintillation counter 2,

multipliers; I — plastic
which is the lower control (LC) scintiilator; II — lead;
counter of the telescope. All the 111 — plexiglass

pulses from the cutput of this
counter, with amplitude exceeding the threshold A and corresponding
to fast charged particle passage through the scintillator, are re-|

corded.
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3. Gas Cherenkov counter 4 (GCC) with additional scintillator 5
ahead of the PM photocathode. The differential amplitude analyzer at
the counter ocutput separafes the amplitude interval (AB) associated
with singly charged particle passage through the Cherenkov counter,
and discriminates cases of charged particle passage through the scin-
tillator 5. The integral discriminators A and B are also used to

monitor counter operation.

4, Seintillation counter in cylindrical form 3, which protects
the GCC against the background of charged particles traveling outside
the telescope aperture by anticoilncldence selection (ACC).

5. Scintillation counter 6 (ACP) which protects the GCC against
the background of charged particles traveling downward by anticoin-

cidence selection.

6. Particle energy detector 8 (ED), which is a scintillation
varliant of the ionization calorimeter. The amplitudes of the pulses
from the ED output are proportional to the electron energies. The

integral thresholds El ~ E_ correspond to the followling approximate

5
electron energy values:
El = 155 MeV; E2 = 525 MeV; E3 = 2.0 GeV;
Eq = 9.0 GeV; E5 = 76 GeV.

7. Lead alloy filter 9 for absorbing the electron-photon showers

formed by electrons 1n the energy detector.

8. Secintillation counter 7 — "marker" (0) — which records

particles passing through the filter.

Separation of the electrons from the charged particle flux is
accomplished as follows. Separation of the single singly charged
particles — electrons and protons — from the multiple charged

nuclei takes place in the plexiglass Cherenkov counter. TFurther
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separation of the electrons from the protons takes place 1n the gas
Cherenkov counter as a result of the.difference .in the Cherenkov
radiation onset thresholds (v 6 MeV for electrons, and v 10 GeV for
protons). Protons with energies exceeding the threshold value are
recorded by the "marker" directly or on the basis of the products of
nuclear interaction in the matter of the energy detector and filter,
while electrons of not too high energies form in the energy detector
and filter electron-preton showers which are absorbed in the matter

and do not yield signals in the "marker".

In comparison with preceding SEZ-12 instrument variants, the
following changes and additions were intrcduced into the construction

of the instrument installed aboard the Proten 4 station.

1. In place of the scintillation counter used previously as
the "upper control" detector of the telescope, we used a Cherenkov
counter with plexiglass radiator. The radiator had the form of a
disk 155 mm in diameter and 30 mm thick. The geometric factor of the
telescope, Just as that of the instrument installed abcecard the Proton

2 station, was 2.4 cm2 *+ sr. All the radiator surfaces, other than

the upper end, were polished, while the upper end was unpolished and
coated with black paint to improve particle recording directivity.
Installation on the instrument of this Cherenkov ccunter, together
with the gas Cherenkov counter, leads to considerable reduction of
the probability of the 1lnstrument recording upward traveling parti-
cles. In addition, when using the plexiglass Cherenkov counter as
the upper control detector of the telescope, there is reduced back-
ground loading by low-energy radiation, since 1t records electrons

5 eV and protons with energy ;’108 eV,

with energy 2| 10
2. A plastic scintillator plate, made in the form of a disk
with diamefer 155 mm, equal to the diameter of the PM phetocathode,
and thickness 10 mm, was mounted ahead of the gas Cherenkov counter
PM photocathode. With the aid of this seintillator, it is possible
to identify cases of PM triggering from particles traveling outside

the ftelescope so0lid angle and causing Cherenkov radiation in the
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plexiglass window of the GCC ahead of the PM and in the front glass

of the PM tube. In passing through the scintillator, these particles
will create at the PM output, signals far exceeding in amplitude the
pulses assoclated with Cherenkov radiation in the gas. Amplitude
selection of the signals from the GCC with the aid of the differential
"window" AB, whose upper threshold corresponds to scintillation re-

cording, permits excluding these background triggering cases.

3. A plastic scintillator plate (ASP), with dimensions 500 x

500 x 30 mm3, was located below the gas Cherenkov counter PM. The

ASP signals are recorded by two PM-16, installed in optical contact
with the scintillator. In order to reduce light losses, the scintil-
lator surface is polished, and the interilor of ifs enclosure is coated
with white light-reflecting pafint. The two PM installed on the plate
were sufficient for recording particles passing through any peint of
the plate. The ASP signals were connected in anticoincidence with

the telescope pulses, which protects the GCC PM from triggerings
caused by background particles traveling outside the instrument solid
angle. A general view of the instrument is shown in Figure 28.

4, Analysis of results of measurements made aboard the Proton 1
and 2 AES showed the advisability of introducing certaln changes into
the logic of the instrument electronic circuit operation. For exam-
ple, information on detector loading was necessary, 1in order to es-
tablish stabillity of individual defector operation and the operating
regimes of the related electrical devices. In addition, recording of
the count rates of the coincidences and antlcolnecidences of the de-
tector signals in various combinations was necessary for determining

the role of random coincidences of this sort.

Recorder. Figure 29 shows a block diggram of the electronic
logic circuits associated with the detectors and selection of the
required coincidences (CC is a coincidence circuit) and anticoinci-
dences (CA is an anticoincidence circuit). The arrows indicate para-
meters going to the telemetry system. These parametfers have the
following content.
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I. Measurement of individual

detector loading:

PCC (AB) — count of PCC pulses

in differential window (AB);

PCC (B) — count of PCC pulses

above integral threshold Bj;

LC — count of LC pulses above

integral threshold A;

GCC (A) — count of GCC pulses
above integral threshold A;

GCC (B) — count of pulses
above integral threshold Bj;

ASP — count of ASP pulses
above integral threshold A;

Figure 28. SEZ-12 instru-

ment:
1 — telescope "upper con-
trol" counter:; 2 — anti-

epincidence cylinder; 3 —

0 — count of O pulses above GCC PM; 4 — telescope
; "lower control" counter;
Integral threshold Aj 5 — energy detector; 6 —
lead alloy filter; 7T — one
E. — count of ED pulses above 1nstrumﬁnt eleﬁtronic bloeck ;
1 8 — "marker" counter
Integral threshold El;
E2 — count of ED pulses above integral threshold EE'

Hereafter, we use the following notations for coincidences and

anticolncidences:

AB — coilncidence of signals A and B;

AB — anticoincidence of signals A and B (B is the inhibiting
pulse).
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Figure'29. Biock diagram of SEZ-12 instrument logic
electronic c¢ilircuits

1I., Measurement of loads in colneidence and anticoincidence
channels.

C4 = PCC (AB) -+ LC; C30;

c, = ¢} - ACC; 036Ei (1 =1~ 5);

c§ = C, + GCC (AB); 030Ei (1 =1 = 5);

C, = CL ACP; CHOE, = C, | ACP -+ O
035; E, (e = 4, 5).

The basic parameter characterizing recording of electrons 1s the

parameter 035Ei. The remaining events play a secondary role and

serve as a check of Instrument operation and the measurement condi-
tions: detector loadling, detector stability, iniluence of ramdom co-
incidences, and so on.

The total number of parameters telemetered is 28. Some monitor

parameters with relatively low count rates were recorded together
on a s3ingle fTelemetry channel.
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Preliminary adjustment of the instrument involves selection of
the electronic circuit (diseriminator) component tirggering thresh-
olds and the operating regimes of all the PM. The values of the
threshold magnitudes were determined approximately as a result of
studies on models of the instrument detectors. They were selected so
that the signal at the PM anode, appearing as a result of particle
passage through the detector, triggered the discriminator with an
acceptable voltage on the PM. The individual components and detec-
tors of the lnstrument were initislly adjusted individually, and then
conkbimed adjfustment of all the components was performed. The com-
ponents and Instrument as a whole were subjected to climatic and
vibration tests. During these tests, the operating regimes ol the
PM and the discriminator thresholds were varied in the allowable

limits.

The coperation of the instrument as a whole was checked on the

basis of cosmic ray u-meson count rate at sea level.

The value of the instrument geometric factor T = 2.4 + 0.1 cm2

sr was determined from the u-meson count rate and by calculation.
The effectiveness of singly charged particle recording by the tele-

scope was determined from measurement in p-meson flux, and was found

to be ¢ = 0,43 + 0.1.

The overall instrument welght is 185 kg, overall dimensions are

1500 x 880 x 460 mm3, power supply required is 9 W,

ITI. Spectrometer for Particles with Fractional
Electrical Charge (SEZ-13)

In 1964, Gell-Man and Schweig [26] advanced the hypothesis on
existence of three types of fundamental particles ("quarks") which
have unusual properties: thelir electrical charge is less than that of
eleetrons. With the aid of these fundamental particles, we can con-
struct the entire spectrum of the presently known strongly interact-

ing "elementary" particles, and indicate their basic properties.
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Attempts have been made in the course of several years to detect
quarks in accelerator experiments. These experiments have yielded
negative results. It is possible that the quark mass is such that
the proton energy which can be obtained on accelerators is not suffi-
cient for generation of a palr of quarks, or that the section for
generation of these particles is very small. The search for guarks ng
in cosmic rays was also initiated. Several experiments were conducted
at sea level and at mountain elevations to detéct guarks and evaluate

their possible flux.

The detection of quarks in cosmic rays at sea level and on
mountain tops by electronic equipment may be complicated significantly
by the shower-type accompaniment of high-energy particles. Quarks
can also arise in collisions of high-energy cosmic ray particles with
atoms of the interstellar medium. In this case, during their travel
in the Galaxy, they will cover such great distances that the second-
ary particles which arlise simultaneously with the guarks will sepa-
rate to distances which exclude simultanecus entry intc the instru-
ment of two or more particies. Also possible is the existence in
coamic space of relict quarks, which are most likely to be detected
beyond the limits of the atmosphere. This source of quarks may be
more significant than their generation in the atmosphere. For these
reasons, the gsearch for quarks in primary cosmlec rays was carried out
for the first time aboard the Proton 3 cosmie station [22, 23].

The wide relative aperiure SEZ-13 instrument was developed for
this purpose. The primary cosmic ray particle charge is measured in
the 3EZ-13 instrument. Proporticnal counfters, in which the electrical
pulse is proportional to the square of the charge of a relativistic
particle passing through the counter, are used to measure the charge.
The charge measurement is accomplished simultaneously by 12 propor-
tional counters, in order to reduce the probability of imitation of
a particle with charge e/3 and 2e/3 by particles with charge equal
to one (as a result of fluctuations of the ionization losses of
charged particle energy and the gas amplification factor in the pro-
portional counter, and also as a result of difference of the particle

trajectories in the counter).

116



A general view of the instrument is shown in Figure 30. The

2

proportional counters of area 0.45 m® each form a "telescope" with

geometric factor ' = 3000 c:m2 «+ sr. The total amount of matter for

a particle passing through in the solid angle amounts to 11.5 g/cmz.

The instrument operated aboard the Proton 3 staticn for 1500
hours. As a result of the analyzed information, an estimate was made
of the upper limit of the possible flux of guarks with charge 1/3 e n

2.5 - 1077 em™? - sec™T . sr_l, and with charge 2/3 e v 2.5 - 1078

em 2 . sec_l . spt (27, 28, 29].

An estimate was also made of the upper limit of the effective
cress section for quark generation during interaction with the inter-

11

stellar gas nuclei of cosmic ray particles with energy 2 10 eV:

2

o (1/3 e) < 1.4 - 10_30 em~, 1f the charge is equal to e/3, and
o (2/3 e) < 1.4 - 10727 em®, if the charge is equal to 2/3 e [27,
28, 29].

The measurements made aboard the Proton 3 station showed that

for high detector loadingé (104 imp/sec), there arises a definite

number of cases when the telemetry indications do not relate to a

single particle. Impulses above the specified threshold are some- /91
times observed in the recording channels; zero pulse amplitude values o
are sometimes observed in the proportional counters. An advanced

SEZ-13 instrument was constructed to eliminate these drawbacks, and

was installed aboard the Proton 4 cosmic station.

Figure 30 shows the arrangement of the proportional counters and
electronic units, which are mounted in a special frame. Six dual PC
are used in the instrument. The magnitude of the gas gap in each
half 1s 5 cm. Each half is divided into seven sectionas, with inner
electrode in each section made from 0.lfmm-diameter tungsten fila-

ment. The electrodes of each half have common electrical output.
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Figure 30.

General view of SEZ-13 instrument installed aboard Proton & cosmic station



Phis installation thus consists of 12 independent proportional count-
ers which are functionally combined pairwise by a common structure.
The two upper and two lower counters are turned 90° relative to the
middie counters, so that the filaments in these counters are posi-
ticned at right angles to the filaments in the middle counters, if

Wwe view the counters from above. Each counter is filled with argon,
with the addition of 10% methane, tc a total pressure of 280 mm Hg.
The operating voltage on the counter filaments is 1750 V. Under
these conditions, a singly charged relativistic particle yields a
probable impulse amplitude of about 3000 uV.

The electrical pulses travel from the proportional counters to
amplifiers. A4 block diagram of the electronic recording system is
shown in Figure 31. Each PC is equipped with an amplifier with gain
100G. The pulses from the amplifier output travel on command through

Onlprs

-
|
I
|
[
|
[
|
1

Lo
|

5 r——ﬂm%xj

. |
|
p— G i o ¥ !

7 o /- y

2 — ¢ f

7 Eatl i

L4 7-& i

y T —osi !

X w—n g A |

- 7 } ALY i

s 7 R 2 WY/ |

{7 }——o/ 7 |

I 14T AL |

7 2rEZ2 I

|

|

Figure 31. Block diagram of electrical recording
system of the SEZ-13 instrument:

1l — summer; 2 — controller; 3 — on-off relay;
I — voltage transformer; 5 — internal calibra-
tlon unit
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Figure 32. Proton 4 station scientific
equipment complex:

1 — instrument for recording electrons
(SEZ-12); 2 — graphite target; 3 —
polyethylene target; 4 — charge detector
(DD1); 5 — instrument for recording
quarks (SEZ-13); 6 — thin graphite tar-
gets; 7 — charge detector (DD2); 8 —
ionization calorimeter (IK-15)

the linear gates Gl - Gl2 and are measured with respect to amplitude
the amplitude analyzers C2 - 1 to C2 - 12. The pulse amplitude in-
formation is directed to the telemetry channels TM1 - TM24.

The control command is generated in the controller by amplitude

discrimination of the pulses arriving from the amplifier dutput. A
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command 1s generated if the pulse amplitudes in all 12 counters

correspond'to passage of a particle with charge less than one.

In order to calibrate the instrument, the recording command is
also generated with passage of silngly charged particles (protons)

with divislon of the frequency of these events 1n the ratio 1 : 219.

In these cases, the amplitudes of the pulses corresponding to a singly
charged particle are recorded. Triggering of the calibration pulse,
whose amplitude corresponds to particles with charges 1/3 e, 2/3 e,
1l e, takes place with this same average frequency. Additional trans-
mission of a calibration pulse with zero amplitude serves to deter-

mine the electronic amplifier self-noise level.

Non-overloading pulse amplifiers, which make 1t possible to
avold the false triggerings observed in the preceding version of the
instrument associated with amplifier overloading, were used in the
SEZ-13 instrument installed aboard the Proton 4 station (Figure 32).
The ¢ircuits for amplitude discrimination selection of the pulses

being recorded in the controller were also improved.

The general technical data on the instrument are: weight 200 kg,

dimensions 1020 X §30 x 920 mm~, power required 16 W, number of oub-—
put telemetry channels 26.
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CALIBRATION OF SEZ-14 INSTRUMENT INSTALLED ABOARD
PROTON 1, 2, 3 COSMIC STATIONS ON ITEF [INSTITUTE
OF THECRETICAL AND EXPERIMENTAL PHYSICS]

SYNCHROTRON

V. V. Akimov, V. 3, Boriscov, G, V. Veselova,
L. L. Gol'din, L. N. Kondrat'yev, V. Ye. Nes-
terov, I. D. Rapoeport, N. G. Ryabova, and
G. K. Tumanov

Introduction

The effective inelastic inferactilion sections of profons with

0 to 1012

measured aboard the Proton 1, 2, 3 AES. The measurements were made

hydrogen nuclei in the energy interval from 101 eV were
by the "beam knock-out" method, using an SEZ-14 instrument [1]. In-
crease of the section by 20% was recorded with proton energy increase

from 1010 1e

to 10 eV [2].

In order to determine the possible experimental errors, it 1s
of interest to conduct measurements of the effective lnelastic inter-
action sections of protons with hydrogen nucleil on proton accelera-
tors, uslng the same instrument and the same ftechnique used abeoard

the Proton satellites.
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The first calibration measurements, whose results are pre-
sented below, were made at 5 GeV energy on the ITEF proton synchro-

tron. The authors intend to carry out analogous measurements on the

accelerator at higher energies in the future.

A schematic of the experimental sefup is shown in Figure 1. The
astudy was made in the secondary beamof elastically scattered protons.
The scattered protons emitted at anangle of 13° to the direction of the
internal beam, were focused by two magnetic lenses, analyzed by a SP-12 magnet

Figure 1. Schematic of experimental setup:

1, 2 — magnetic lenses; 3 — deflecting magnet;
4 — SEZ-14 instrument; Cl - C6 — scintillators
of the scintillation telescope

(rotation angle 15°), traveled first to the telescope, consisting of
scintlllation counters with path length 16.6 meters [3], and then to
the SEZ-14 instrument. The combination of signals (C1 + C2) x

(03 + C4 + C5) X 06 gave the monitor signal M. The scintillation
telescope count (M) served as a check during the measurements. All
the recorded signals were applied to scalers through gate circuits,
which were activated only during that time when the beam was pointed

at the target and the primary beam energy had the required wvalue.
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The measurements were made with constant proton energy
("plateau" cycle). The duration of particle impact on the target
was 150 - 200 msec. The m-meson impurity content in the beam did

not exceed 2%,

The SEZ—lulinstrument was mounted on a special positioner,
with the aid of which the instrument could be positicned at any angle
to the proton beam. Measurements were made first of all with the in-
strument "entry window" facing the beam, 1.e., the protons first /96
passed through the proportioconal counters and then through the targets,

interaction detector, calorimeter, and the lower scintlllation counter.

Measurement of effective inelastic interaction sections of

5 GeV protens with hydrogen nuclei, For measurement of the effective

sections, we used the same signals ZlNlEC [1, 2] as used in the meas-
1

urements aboard the Proton satellites, 1l.e., we identified protons
which had not experienced interaction during passage through the
graphite target. However, for separating particles which had passed
through the scintillation telescope from the background particles,

Z.lNlECl were used in coincidence with the scintiallation telescope

signal M, i.e., the signals ZlNlEC M were recorded. Z1 means that
1

the particle electrical charge recorded by the two proportional count-

ers is equal tc cne; N7 means that a single particle with unit charge

passes through the interaction detector — the secintillation counter
means that

1

energy 2 E1 was released in the ionization calorimeter and at least

located after the 26.2 g/cme—thick graphite target; EC

one particle passed through the lower scintillation counter (signal

C), which defined the solld angle. In this case, the threshold El

corresponded to the energy release of a single relativistic particle.

The introduction of colncidences with the scintillation telescope

signal M permitfed, in addition, exclusion of the influence of random
coinecidences under condition of high detector background loadings at /9

the time of particle impact on the target.
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The basic difficulty in calibrating the SEZ-14 instrument
using the accelerator proton beam was the fact that the instrument,
designed for studying cosmic rays, was not intended for operation
under high loading conditions. However, the introduction of any
changes into the instrument was not possible, on the basis of the
very essence of the experiment. Therefore, in making the measure—}
ments, careful adjustment of particle impact on the internal target
was made in order that the impact duration be maximal and no marked
changes of particle intensity ftake place during impact. Moreover,
for continuous monitoring of the count loss magnitudes in each in-

strument detector during the measurement process, the signals ZlM,
NlM’ ElM’ CM were recorded (the count loss magnitude could be evalu-

ated on the basis of the count rate ratio ZlM/M, NlM/M, ElM/M, CcM/M) .|

A special experimental data reduction fechnique was developed
in order to exclude the influence of count losses on the results
obtained.

The maximal count losses in the SEZ-14 instrument occurred in
the proportional counter (signal Zl). Even for good measurement

seances, the ratio ZlM/M varied from 0.5 to 0.8. In our case, the

effectiveness of formation of the signal Z. for a singly charged

1
particle recorded by two proportional counters was 0.8. The number

of recorded ZlNlEC M events was normed by the number of simultanecusly
1

recorded events zlm, in order to exclude the influence of sighal Z1

count losses on the effective section measurements in the normal posi-
tion of the instrument. This normalizaticn would be incorrect if
there was reverse current in the proporticnal counter. By reverse
current, we mean scattering of particles formed as a result of inter-
action in the carbon or iron into the aft hemisphere in the labora-
tory coordinate system. Estimates of the reverse current magnitude
(4] make it possible to consider that such reverse current is absent

for proton energy 5 GeV. Then 1t was necessary to make certain that
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either in the measurement process count losses of the signals Nl’ El’

C are absent or, if they do occur, they have no influence on the ef-
fective section measurement results. To this end, we plotted the de-

pendence of the Nl signal count losses (ratio NlM/M) on the Zl signal
count losses (ratio ZlM/M). We see from Figure 2 that for ZlM/M >

G.75, there are no signal N1 count lcsses. Losses of signal E1

counts do not affect the magnitude of the measured effectlive section,
since they are independent of the filter position (filter insertion
does not influence the overall calorimeter loading); the scintillation

counter does not experlence overlcoading (Figure 3). Therefore, we
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Figure 3. <E1N/M> and <CM/M»as a function of

<Z1M/M>:
1 — <E{M/M> with filter; 2 — <E1M/M> without
3 — <CM/M> without filter
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selected, first of all, those series of readings when ZlM/M 0.75.

(1A%

For the selected series, we calculated the mean values of I

ZlNlEC M/ZlM separately for measurements without target IO and with
1

graphite target IC. The ratio of these guantities was IO/IC =

1.298 + 0.014. For a considerable part of the measurements, ZlM/M <

0.75. In the analysis, it was found that if the measurements are
sorted on the basis of the magnitude of the signal Z1 counting losses

(the entire range of ZlM/M variation was broken down into 11 inter-
vals), then the percentage signal Nl counting losses in each of the

selected intervals is the same for measurements without target and
with the graphite target (Figure 4). Therefore, with this data sam-
pling, signal count losses have no effect on the magnitude of the

ratio EO/IC and, consequently, no influence on the magnitude of the

measured effective gection. This made it possible to average the

quantities IO and IC separately for each of the 11 intervals shown

in Figure 4, and calculate thelr ratio IO/Ic‘
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Figure 4. <N1M/M>O/<N1M/M>c%s]function of
<Z1M/M>

The calculation results are shown in PFigure 5. Then all the

IO/IC values obtalined were averaged, with account for the weight of
each value. The resulting ratio was IO/IC = 1.308 + 0.011, and the
magnitude of the effective 1nelastic interaction section of protons

with energy 5 GeV with carbon nuclei was Gp—C = 204 + 6 mb. This
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various values of ZlM/M

ratio is somewhat low because of the low multiplicity of secondary

particles with energy 5 GeV (nS = 1.6). The primary contribution to

this reduction is made by the case when, as a result of interaction,
only a single charged particle reaches the interaction detector and
the lower scintillation counter. This effect may be estimated roughly
if we use the multiplicity distribution of [5], from which it follows
that for energy 5.7 GeV, only a silngle fast charged particle (proton

with energy > 500 MeV or m-meson with energy 2 80 MeV) is formed in

approximately 30% of all interactions, the remaining particles have
less energy. The minimal energy of these fast single particles 1s
close to the energy which is necessary for the partleles to reach the
interaction detector. Therefore, 1f the angular and energetic dis-
tribution of these single particles generated during interactions

were such that they all would create the slgnal ZlN with the same

E
1 Cl
probability as would protons with energy 5 GeV, then the measured

effective section would be too low by 30%.

However, comparison of the ¢ value obtained with that meas-

p-C
ured for energy 21.5 GeV [6] shows that the SEZ-14 instrument, even
for small particle multiplicity which existed in the present experi-
ment with proton energy 5 GeV, measures quite accurately the effec-

tive inelastlic interaction section of protons with carbon nucleil in
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the case of particle entry into the instrument from the direction of
its "entry window". The magnitude of the section reduction in this
case amounts to 8 + 6%. This 1s evidence of effectlveness interac-
tion recording high. The understating of the section by less than
30% may be explained by the fact that not all the fast single parti-
cles formed as a result of interaction create the signal €. Part of
this particles depart through the calorimeter side surface, and part
create in the calorimeter avalanches which reach the lower scintilla-
tion counter with lower probability than avalanches from protons with
energy 5 GeV (it should be noted that the probability of creation of
the signal C by a proton with energy 5 GeV, traveling along the in-
strument axis, is approximately 30%). Moreover, part of the fast
single particles are accompanied by m°-mesons, and yield a signal N2

in the interaction detector.

In order to evaluate the influence of the indicated effects on
the magnitude of the obtbined section understatement, we found the

magnitude of the elffective section from the signal NlM. To this end,

. N M NoM .
we measured the ratio ( ] )n/( M )J’ whose magnitude was equal to

1.243 + 0.004, which corresponds to the section o = 166 + 3 mbarn.

p-C
We see that reduction of the limitations on the departure angle

and energy of the individual secondary partlcles leads to lncrease

of the unmeasured part of the section, but even in this case the sec-—

tion understatement is less than 30%, which does not contradict the

arguments presented above on reasons for measured secflon under-

statement.

Instrument angular sensitivity diagram. Durlng calibration of

the SEZ-14 instrument, the angular sensitivity diagram of the instru-
ment was measured (Figure 6). To this end, the instrument was set
with aid of a positioning device at various angies tc a proton beam.
We see from Figure 6 that, for proton energy 5 GeV, the instrument
actual aperture coincides with the geometric aperture (50°). Thus,

the "overcount" due to widening of the instrument aperture because
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of particle scattering in the instrument ' .
&M Ly o
can be neglected for energy 5 GeV. We e
also see from Figure 6 that, in the case -f
of particle entry into the instrument =4
frem behind, i.e., from the direction of {
ey '] - » » . ’_f ;
the lower scintillation counter (in this s - %505, Ao
case, the Instrument was turned 180° to , . -
the beam), recording of events ZlNlEC M Figure 6. SEZ-14 in-
1 strument angular sen-

sltivity diagram when

takes place. In this case, the counting recording events

rate of such events amounts to about 25% Z1N1E0¥ with proton
of the counting rate for the normal In- energy b GeV

strument position, when the particles

enter the instrument from the direction of the "entry window". These
events are apparently the result of cases when the proton passes
through the entire instrument without interaction thereln, or when
only a single particle from the avalanche formed in the calorimeter

passes through the interaction detector and proportional cocunter.

Measurements by instrument turned 180° relative to the proton

beam. As was noted previously, as a consequence of safellite rota-
tion, particles may enter the instrument from behind (from the direc-
tion of the scintillation ]counter), and recording of the events
ZlNlE may introduce some contribution to the measured effective

1

section, depending on the change of the counting rate of this signal
with the carbon filter in place (in this case, the proportional
counter acts as interaction detector), and also on the relatlonship
of the counting rate of this signal with particle passage through the
instrument from the front and from the back. Therefore, when cali-
brating the instrument, 1t was necessary to determine the ratio of

the ZlNlEC M signal counting rate, without the filter, te the cdunt-
1

ing rate with the fllter, and the quantity o corresponding to this

pP-C
ratio for the case of particle passage from the direction of the
scintillation counter.
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In the case cf measurements with the instrument turned 180° to
the beam, the maximal counting losses arose in the € slgnal formation
channel; therefore, normalization was made to the number of CM pulses
recorded. In order to determine the magnitude of the section with
this instrument position, we used the average values of I =

Z,N-E

1 M/CM, which were measured with and without the graphlte fil-

1°¢C

1

ter in place. The value of the ratio IO/IC was equal to 1.245 + 0.016,

which corresponds to an effective section Up—C = (167 + 10) mbarn.

Analysis of measurement results with particle into the instru-

ment from the direction of the lower scintillation counter. In order

to extrapolate the sectlon measurement results for 5 GeV into the
higher energy region, 1t is necessary fto understand what causes the

formation of the signals ZlNlEC M with the instrument turned 180° to
1

the beam. In the latter case, the intensity of the events ZlNlEC M
: 1

for the seances without eounting losses constitutes 5% of the inten-

sity of the protons incident on the instrument, and is still less in

the presence of counting losses.

According to calculations, 4.5% of the protons incident on the
instrument pass through the entire instrument without interaction.
If we consider that the probability of formation of the signal

ZlNlEC M, in the case of single singly charged relativistic particle

passage through all the detectors 1s egual toc ~ 1/2, then half the

particles forming the signal ZlNlEC M will interact with the carbon
1

nuclei like protons with energy 5 GeV incident on the instrument at
0°. In order to clarify the guestion of whether the electrons leav-
ing the calorimeter yield a contribution to the formation of the sig-

nal 7z NlE M, we fabricated a lead fllter whose thilckness for nuclear

1

interactions was equal to the thickness of the graphite fllter, and

i C

we measured the amplitude distribution of the impulses in the propor-

tional counters with this filter; in this case, control was provided
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by the signal NlM' Within the limits of statistical accuracy (v 10%),

the obtained amplitude distribution agreed with the corresponding
spectrum with the carbon filter. Thus, the second component forming

the signal ZlNlEC M consists of nuclear-active particles, generated

i

during interaction.

In the case of measurement with the instrument turned 180° to
the beam, the number of events in which at least one particle is re-
corded by the interaction detector amounts to #40% of the number of
protons striking the instrument. Of such events, approximately half

represent single singly charged particles (signal NlM), and in half
of the cases, the signal NEM is generated — number of singly charged

particles 2 2. Measurements were made in this same instrument posi-
tion of the counting rate ratio without the fllter and with the car-

¥ i3 g differential win-

bon filter for the sighnals ZiNlEC M, where Zl

1

dow in the proporticnal counter narrower than Z1 (the lower thresh-

olds of the windows Zf and Zl coincided [~ 15 MV], while the upper

threshold of the window Zf [100 mV] was lower by a factor of two

than for the window Z1 [200 mV]).

For measurement of this ratlo, based on the signal ZTNIEC M,
1

normalization {as 1In the ZlNlEC M case) by the number of recorded CM
1

impulses was made. The ratio I%/Ié was equal to 1.318 + 0.018, which

corresponds to a section o = 210 + 10 mbarn.

p-C

The difference in the sections obtained for the signals ZlNlEC M
1

and ZleEc M can be explained both by wide-window recording of two
1

and three particles, formed as a result of interaction, and by the
creation by a single particle after interaction (in those cases when,

as a result of interaction, only a single particle which can reach
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the proportional counters is formed) of an impulse whose magnitude
exceeds the upper threshold of the narrow window as a conseguence of

the large ionizing capability of this particle.

Conclusions

As a result of analysis of the data obtained, we can draw the

following conclusions.

1. In the case of proton incidence from the "entry window"
direction, the SEZ-14 instrument, even for the low generated particle

multiplicity existing in the present experiment (nS = 1.6 for E = 5

GeV), measures quite accurately the effectlve inelastic interaction
section of protons with carbon nuclei. The magnitude of the section

understatement 1n this case amounts to 8 + 6%.

» 2] In the case of proton incidence on the SEZ-14 instrument
from the opposite direction, the measured effective section for pro-
ton energy 5 GeV 1s 18% low in comparison with the value measured
with normal instrument position relative to the proton beam. On the
basis of the measurements made for energy 5 GeV, we can conclude that,
if the measurements were made aboard the Proton AES with this energy,
the influence of particles edtering the instrument from the opposite
direetion because of satellite rotation would lead to reduction of
the measured effective section by about 4% in comparison with the
value measured with particle entry into the instrument from the direc-
tion of its "entry window".

Thus, the low section value cbtained during calibration is
caused basically by low multiplicity of the partilcles generated dur-
ing interactions. This makes it possible to consider that for proton
energy 15 GéV, corréspénding to the first recording threshold in the
case of measurements aboard satellites, the section underestimation
will be lezss than for 5§ GeV because of increase of the average gener-

ated particle multiplicity.
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STUDY OF HIGH-ENERGY ELECTRONS IN NEAR-EARTH COSMIC
SPACE ABOARD PROTON 1 AND 2 AES

N. L. Grigorov, L. F. Xalinkin, E. I. Kogan-Laskina,
and I. A. Savenko

The study of high-energy electrons in cosmic rays 1s of great
scientific interest, since it alds in obtaining answers to several
important questions of astrophysics and cosmle ray physics. Speci-
fically, there is a connection between the characteristics of the
cosmic ray electron component and factors such as the structure of
the galactic magnetic field, cosmic ray propagatlon in this fileld,
radiation modulation in the solar system, nature of processes in
cosmic ray sources, and so on. In recent years, particular attention
has been devoted to measurements of electron fluxes with energies

1 - 103 km.

The results from study of high-energy electrons at the indicated al-

above 107 eV in near-Earth cosmic space at altitudes of 10

titudes may clarify certain peculiarities of the behavicr of these

particles in the Earth's magnetic field.

Equipment for measuring the fluxes and energy spectrum of elec-

trons wWwith energies e 20 MeV in the cosmilic radiation was installed

aboard the Proton 1 and 2 scientific cosmic stations.

A schematic of the instrument is sheown in Figure 1. The instru-

ment is a telescope formed by scintillation (1, 2) and gas Cherenkov
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{3) counters. Separation of the elec-
trons from the protons was accomplished
by the recording threshold of the gas
Cherenkov counter (v 6 MeV) for electrons
and v 10 GeV for protons) and was sup-
plemented by absorption of the electron
photon showers caused by electrons with

energies < 10 GeV, in a lead layer of

Y]
total thickness v 30 radiation units
(4, 5).
were recorded by all the telescope count-
ers telescope and did nct cause triggering
located after the filter
5. Protons with energies up to = 10 GeV

Electrons with energies ; 10 GeV

of the counter 6,

were not detected by the gas Cherenkov
counters, while these with energies above
10 GeV were recorded by the counter 6
(directly or on the basis of the products
of their interaction with the matter).
The gas Cherenkov counter aglsc determined
the direction of motion of the recorded
particles (from the first counter to the
second). In order to protect against
showers which could be generated by
high-energy protons in the matter of the
instrument itself and its surroundings,
the gas Cherenkov counter was placed in
the hollow plastic scintillator cylinder
7. The impulses frcm this detector were
connected in anticoineidence with the sig-

nals from the telescope.

-

\\\““\\\\\\\\\\\\\\\ﬁ\\.\\ a2

NP
§§§ﬂ'

Figure 1. Schematic of
instrument for measur-
ing high-energy elec-
trons aboard Proton 1
and 2 sSpace statlons:

1, 2 — telescope scin-
£illlation counters;

3 — gas Cherenkov count-
er; 4 — scintillation
shower counter; H —
lead allcoy filter; 6 —
scintillation counter
recording radiation
passling through the fil-
ter; 7 — scintillation
anticolincidence counter;
8 — gas Cherenkov
counter mirror; 9 —
PM-49; 10 — PM-16;

11 — PM-52; I — lead;
IT — plastic scintil-
lator

The minimal recordable electron energy was

determined by the ionization losses in the matter along the path

from counfer 1 to counter 2 and amounted to about 20-30 MeV.

In the

region Ee 2 500 MeV amplitude analysis of the impulses from the seintil-

lation shower calorimeter 4 (discriminators with integral thresholds)

was used to measure the energiles.
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In principle, the arrangement of the instrument installed
aboard the Proton 2 AES was analogous to that used previously aboard
Proton 1. The only difference was that the relative aperture of the
instrument abocard Proton 2 was halved, by reducing the area of the
telescope counter 2 (the geometric factor of the instrument aboard

2
Proton 1 was T = § cm2 . sr, that abcard Proton 2 was T = 2.5 cm

sr). In this case, edge effects during particle passage through the
shower calorlmeter were eliminated, and particle energy determination
became more reliable. Moreover, experience obtained during the ex-
periment aboard Proton 1 was taken into consideration for proper
selection of the preliminary scaling coefficients, and more rational
choice of the parameters to be telemetered. For the data from Proton
2, we also had information on satellite geographic coordinates and
orientation of the instrument axes in space. Comparison of the 1n-
strument indications aboard the two satellites showed that, with ac-
count for their relative aperture difference, the measurement results
are quite similar. Therefore, in the sequel, we analyze 1n detail
the information obtained in the experiment aboard Proton 2. Some /106
preliminary results and thelr interpretation have been published
previcusly [1].

Figure 2 shows the latitude dependences of the relative counting
rates of electrons and protons (shower calorimeter diseriminator
threshold corresponds to electron energy ~ 500 MeV). These results
were obtalined by averaging data for about 20 satellite orbits around
the Earth {(we took as the time origin for each orbit, the moment the
orbit crosses the geographic equator with satellite motion from.North
to South). The differences of these dependences, which exceeds
the error limits at high latitudes, 1ndicates difference in the nature
of these radiations. Figure 3 shows the global electron flux inte-
gral energy spectra in the near-equatorial and high geographic lati-

tude |¢ = 63° regions. We see that the intensity dependence on

maxl
energy is somewhat different in the different spectral regions: for
the near-equator latitudes vy - 1 ~ 0.6 for E, = 50 MeV, and v - 1 » /107

1 for Ee v 5 GeV (y is the characteristic exponent of the differential
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Flgure 2. Latitude dependence MVt w106 yevy]
of relative counting rates of — - -

electrons with energies Ee >

500 MeV (1), and protons re-

corded at the same shower cal-
orimeter threshold (2); curves
are normalized to the equator

Figure 3. Integral energy

spectrum of electrons in egua-
torial region (1), and at high
latitudes (2), measured aboard

region: Proton 2 AES (global flux)
1l — szouthern hemisphere; 2 —
northern hemisphere ol o e
" 0 - .
[1}] N
Slalr - +++++ +++++ :
spectrum). This spectrum is far . +. -+
. : -
more "rigid" than that of the pri- grqf +f N
. IEARZ 7 57 1720 77
mary cosmic rays (y - 1 v 1.7). 3ka Zenith angle, degl.
In the geomagnetic equator region,

] Figure 4. Distribution of
the electron flux with energy electrons with energies Ee >
above 300 MeV was about 300 (mE . 500 MeV as function of angle

formed by the instrument axis
sec - Sr)_l. FMigure 4 shows the with the vertical for orbital
) . . segments with threshold mag-
distribution of electrons of such netic rigidity R > 10 GeV/c
as a function of zenith angles for {Proton 25

the satellite orbit segments with
threshold magnetic rigidity R > 10 GeV/c. Marked anisotropy of the

radisation i1s noct observed.

Most obvious among the results presented is the high recorded
gllectron intensity. For comparison, we can note that the total pri-

mary cosmlc ray intensity observed in the geomagnetlc equator region

amounts to 80 - 120 (m2 + sec¢ -° sr)'l [2, 3]. It 1s true that we
should note that, in the charged particle flux measurements in near-
Earth space, it was found that the measured intensities exceeded by
several Times the values determined by the primary cosmic radiation.
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Such results were obtained with equipment using various recording
methods and carried aloft on balloons [4, 5], rockets [6], and satel-
lites [7 - 10] (the sources cited are not exhaustive and are, basi-

cally, only illustrative).

The existence of this so-called excess radlation has now been
reliably established. However, the nature and mechanism of 1ts forma-
tion are still not very clear (naturally, in the balloon experiments
the formation of secondary particles in the residual atmosphere was
taken into account, and in the experiments performed aboard satellites,
the region of space where the direct influence of the Earth's radia—

tion bands might have an influence, were excluded from conslderation}.

The literature data presently avalilable contaln many indicatilons
that there is a significant relativistic electron fraction in the ex-

cess radiatlion compositicn.

It was found in [4], where Geiger counters were used as detectors,
that the excess radiation flux amounts to about 500 (m2-seC°sr)_l at
the eguator and about 1000 (mg-sec-se)_l in the Murmansk region. Ap-
proximately the same relationship is observed for the energy fluxes in
the primary cosmic radiation at these latitudes. On this basis the
authors of [4] suggest that the excess radiation consists basically of
secondary electrons which are formed from the primary cosmic rays in
electromagnetic cascades in the atmosphere. The connection between
primary cosmic rays and excess radlation was examined in more detail in
[8]. Studying the geographic distribution of the counting rate of a
gas discharge counter located aboard the Kosmos 4 and Kosmos 5 satel-
lites, the authors of [8] established a close correlation between mea-
sured radiation intensity and primary cosmic radiation. The longitudinal
variation of the counting rate in the equatorial region, the connec- /108
tion with the magnhetic rigidity, and the latitudinal variation pat-
tern can all be explained in a natural fashion under the assumption of
a genetic connecticn between the excess radiation and the primary
cosmic rays at the point of observation. True, it could be noted that
the detectors used in [4, 8] did not permit differentiation of the
sort of recorded particles and, therefore, the conclusions apply to

the excess radiation as a whole.
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Identification of the nature of the particles comprising the ex-
cess radiation at heights of ~ 300 km was made in [7]. Charged par-
tiecle tracks in emulsions exposed during the fiight of the second
Soviet spacecraft were analyzed. It was found that the recorded
radiation intensity exceeds the primary cosmic radiation intensity by
a factor of three (in an interval covering one satellite orbit around

the Earth). On the basis of specific ionization g/gmin, the excess

particles can be subdivided into two groups: relativistice (g/gmin

1.4), and "gray" (g/gmin > 1.4), The relativistlc particles were not

nuclear-active, and this made 1t possible to assume that they are
electrons. Their fractlion in the excess radlation is quite large
— about half.

It is interezfing to note that the data obtained in the experi-
ment aboard Proton 2 are comparable with the results of [5], both in
the particle flux values and in the inftensity dependence on energy,
aithough the conditions of these experiments differed markedly. In
the latter study, performed aboard balloons with the aid of a tele-
scope consisting of scintillation and Cherenkov counters interlayered
with lead absorbers, the energy spectra of the "direct" and "return"

albedo electrons in the energy range 10 - 103 MeV were measured.

(The "direct" albedo radiation arises 1n the matter of the atmosphere
under the action of primary cosmic rays, and is directed upward from
the Earth; the "return" albedo is the part of the "direct" radiation
which returns to the atmosphere under the influence of the Earth's
magnetic field.) Specifically, it was found that, at the geomagnetic
latitude corresponding to the threshold rigildity 4.9 GeV/c, the elec-

tron fluxes with energies above 300 MeV are quite large, and consti-

2 -
Idir 5 110 and Iret i 50 (m~ * seec * sr) 1 for the "direct" and
"peturn" albedo. The spectra were quite "rigid", the characteristic

exponents of the differential spectra, approximated by a power-1law
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dependence of the intensity on energy, were Yaip = 1.29 + 0,06 and

¥ = 1.4%4 + 0.09, respectively. Thus, the measurements made in [5]

ret
indicate a natural source of intense electron fluxes with energy of
hundreds of MeV, which were discovered in the measurements aboard
the Proton AES [1].

At the same time, it was noted in [1] that the high electron
flux intensity may be associated with the mechanlism of eleectron cap-
fure and relatively long retention by the Earth's magnetic field.

The results of [11, 12] can be considered confirmation of this
concept. FHFluxes of electrons with energies 100 - 1500 MeV were meas-

ured at altitudes corresponding to g 10 g/cm2 regsidual atmosphere,

using equipment including a telescope formed by scintillation and
Cherenkov counters and a shower spark chamber as the basic element

to discriminate electrons from the other particles. The measurements
were made at a geomagnetic latitude where the cutoff geomagnetie for-
mation momentum amounted to 3.5 GeV/c¢c. The results deserving most
attention are that at quite high altitudes large electron fluxes were
recorded, and significant temporal variations of these fluxes were
detected. The data obtained during equipment ascent aboard balloons
grouped as follows (Figure 5, [11]). Two flights (July 6, 1967 and
July 9, 1968) provided altitude-intensity relations agreeing with one
another and with the calculated secondary electron intensity values:
increase during ascent, maximum at an altitude corresponding to at-

mospheric depth ~ 120 g/cmg, and Tlux decregse by an order of magni-
tude at the maximal height. The latitudinal variation of intensity
in the initial stage of the other two flights (June 14, 1967 and
October 27, 1957) was also the same and up to heights of about 100

g/cm25 agreed with the results of the first two fiights. However,
at higher altitudes a silgnificant (by a factor of 2 - 3) intensity
increase, in comparison with the measurements and calculated electron
flux values mentioned above, was observed. The absoclute magnitude of

the additional flux was &~ 600 (m2 - sec - sr)-l. The spectrum of this

radiation, as in the previously mentioned cases, is also quite "rigid":
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y = 1.6 + 0.4, It is important to note that the appearance of the
additiocnal electron flux was not associated with change of the pri-
mary cosmic ray intensity measured by neutron monitors. The attempt
by the authors of [11, 12] to associate the change of the electron
flux magnitudes with the state of the Earth's magnetosphere was a
natural one. In spite of the fact that the electron energles are
quite high, the influence of magnetosphere state change on thelr /110
fluxes had already been observed experimentally in [13], where change
of the intensities of electrons with energies 10 - 225 MeV by a fac-
tor of 2 — 3 was noted during nighttime and daytime measurements. In
the case under discussion here, such an explanation was excluded,
since all the flights were made at the same time of day. However, a
correlation was found between the addiftional electron flux appearance
and change of the geomagnetic field state, characterized by the

three-hour K-index.

=
Taken together, the experi- %
mental data jus{ discussed make §‘ +4
it possible to note the followilng. -
Both in the stratosphere (at alti- ; {
tudes of 25 - 40 km), and at =
higher altitudes (200 - 600 km), = L ﬁzmn;

asl

glgnificant fluxes of electrons  Height, g/ém%

, . . 7 Figure 5. Intensities of
of gquite high energies (Ee g 10 electron fluxes wifth energies
100 - 1500 MeV at various

heights in the atmosphere [11]:
1 — Apr. 14, 1967, 2 — July

eV) are observed. The large

"direct" albedo electron fluxes

in the atmosphere, caused by 9, 1968; 3 — July 6, 1967;
, . . . 4 — QOct. 8, 1958; 5 — Oct.
a t > 3
primary cosmic ray interaction 27, 1967; I — caleulated alti-
with atmospheric matter, lead to fudinal variaticn of secondary

electron flux generated in the
atmesphere by proton-nuclear
near-kEarth space. The signhifi- component of primary cosmic
rays; II — sum of (I) and
"return" albedo electron flux

injection of these particles into
cant variations in time cof the

secondary electron fluxes in the

stratoaphere, which are not
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assoceiated with variations of the primary cosmic ray intensity, c¢an
be considered an indicaticn of the existence in near-Earth space of
a "reservolr" in which electrons of guite high energies accumulate,
l.e., an indication of comparatively long-term retention of these

particles by the Earth's magnetic field. During distrubance of the

magnetosphere state, these particles "spill out" into the atmosphere.

However, it should be noted that at present there is no adequate
explanation for the details of the mechanism of high-energy albedo
electron trapping by the Earth's magnetic fileld, the duration of their
retention in this field, and the direct causes of the "spilling".

1t may be assumed that long-term observaticns at helghts of

Wy 102 - 103 km, with simultaneous measurements aboard balloons in the

stratosphere, will make 1f possible to clarify the basic mechanisms
of intense high-energy electron flux formation in near-Earth cosmic

space and "injection" of this flux into the Earth's atmosphere.
The authors wish to thank Yu. 5. Klintsov and 0. B. Ben'kovskly

for their assistance 1in preparing the equipment for measuring high-

energy electrons abcard the Proton scientific cosmic stations.
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STUDY OF HIGH-ENERGY ELECTRONS IN THE STRATOSPHERE

V. A. Begus, A, M. Gal'per, N. L. Grigorov,

V. V. Dmitrenko, L. F. Kalinkin, V. G.

Kirillov-Ugryumov, B. I. Luchkov, A. S.
Melioranskiy, I. A. Savenko, and

E. M. Shermanzon

A flux of electrons with energy Ee z 300 MeV, exceeding by about /112

ten times the primary electron flux [2, 3], was recorded in a study
by Grigorov et al. [1], made aboard the Proton 1 and 2 AES. Another
peculiarity of the recorded flux was that i1t was noted not only at
high latitudes, but also near the equator, varying in intensity by

=2 and 2.2 . 10_'2 [cm2 . sec - sr]_l)

These measurements shows that within the 1imits of the Earth's mag-

less than a factor of twe (4 . 10

netosphere there exist not only electrons of low and moderate ener-

gies (3 1 MeV), which form the radiatlion bands (see, for example,

> 100 MeV).

[4]), but also high-energy electrons (Ee

During 1967 and 1968, we made measurements using equipment in-
stalled aboard high-altitude balloons to study the high-energy elec-
tron fluxes in the upper layers of the atmosphere. We measured the
direct (toward the Earth) and albedo (from the Earth) electron fluxes
in the energy interval 100 - 1500 MeV. The measuremerits were made

at 46° geomagnetic latitude, where the cutoff momenta are about 3.5
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GeV/c, and primary cosmic ratiation electrons in the measured energy
interval cannot penetrate. Individual measurement results were pub-
lished earlier in several papers [5 - 11].

Instrument Configuration and Operation

A block diagram of the recording instrument is shown in Figure 1.

The instrument consists of the following components: Ch is a direc-
tiocnal Cherenkov threshold detector with plexiglass radiator. Direc-
tivity of the counter is achieved by blackening the upper surface of
the radiator and establishing the corresponding electronic circuit

threshcild, C

1» C2’ C3 are

polystyrene scintillation
counters, SC 1s a multilayer

spark chamber with lead

rlates acting as electrodes

wlth overall thickness equal

to 3.7 radiation lengths,

A is a lead absorber, three
radiation lengths thick, PR

is a photorecorder which

photographs the spark cham- Figure 1. Block diagram of record-

ber in two orthogonal pro- ing instrument:
jections through a mirror Ch —— Cherenkov counter; Cl’ CE’ C3
system. — scintillation couhters; SC —
spark chamber; A — lead absorber;
‘ PR — photorecorder; CC — coinecl-
The instrument operates dence circuit; CA — anticoincidence
circuit; OU — output unit; PVG-5,
as follows. The electron PVG-L — "small" and "large" pulse
being recorded ftriggers the voltage generators; BC — blocking
counters Ch and C., and circuit; PT — ph?torecorder trigger
1 circult

creates an slectron shower
in the spark chamber. The shower particles are recorded by the

counter C2 and absorbed 1In the block A, without reaching the counter

03. Events of the type CHClczﬁé are identifled by an electronice

circult consigting of the triple coincidence circuit CC and the
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anticoincidence circuit CA (a bar above a symbcl means that the
given counter is connected in anticoincidence). This identification
technique excludes recording of protons and other penetrating par-
tlcles whose ionilzation range for the threshold velocity in the

Cherenkov counter Bthr = 0.67 exceeds the total amount of matter in

the instrument. However, in addition to electrons, events of the

type Chclcgc will cause nuclear cosmic particle interactilons in SC

3

and A, in which no charged procduct will reach 03, and muons in the

energy interval 55 - 80 MeV are stopped in block A. Final selection
of the electronic cases among the recorded events is made on the

basis of spark chamber phofographs.

Further operation of the instrument involves recording the
events identified by the CC and CA clrcuits. An impulse from the CA
elreult triggers the output unit 0OU, triggering circult of the photo-
recorder PR, and blocking circuit BC. The impulse from the OU trig-
gers the small and large pulse voltage generators PVG-S and PVG-L,
which generate the high-voltage pulse for the spark chamber. The

chamber consists of five gaps separated by plates ccntaining 0.7

~
i
[}
I=

radiation lengths of lead each. The upper 3-cm-high gap determines

the direction of the entering electron. The remaining gaps, each

1.5 em high, record the electron shower. The champer is filled with

neonn at 1 atm pressure. The upper and lower spark chamber electrodes
are connected to ground, and a high-voltage pulse of amplitude 25 kV

and duration 0.5 usec with leading front duration 30 nsec, 1s applied
to the midpoint of the chamber. The pulse delay is no more than

0.5 usec.

All the electronic circuits, veltage transformers, and pulse
voltage generators are made using nonfilament components. In the
study, we used two instruments of the same type (A-2 and A-3), which
were geometrically similar to cone another and had effective area

82 = S3 = 110 cm2, solid viewing angle 92 = 93 = 110 cmz, and geo-

metric factor 13.5 cm2 * sr. The instrument energy requirement was
about 12 W. Each instrument weighed about 45 kg. A detailed descrip-
tion of the equipment is given in [12].
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Instrument Calibration

The characteristics of each instrument were measured during
operation with cosmic muons, monochromatic electrons in the energy
interval 100 - 1500 MeV (synchrotron of the Lebedev Physics Insti-
tute of the Academy of Sciences of the USSR [FIAN], linear accelera-
tor of the Physicotechnical Institute of the Academy of Sciences of
the UKkSSR [PTI], and using protons with momentum 2 GeV/c (Joint
Institute of Nuclear Studies).

1._ Calibration of CH, C,, C,, C, Counter Telescope

Figure 2 shows the electron recording effectiveness (ne) in the

instrument A-3 as a function of electron energy. The electron re-
cording effectiveness was measured directly in electron beams. The

effectiveness Mg initlially increases sharply from zero to E &~ 100 MeV

to a maximal value of about 0.3 .for E v 400 Mev, and then decreases
gradually to zero. The decrease of Ny with increase of the energy
takes place because of the increased probability of an electron ava-
lanche passing through block A and reaching the "anticoincidence™"
counter 03. We see from the curve shown 1n Figure 2 that the instru-

ment records effectively electrons in the 100 - 1500 MeV interval.

Electron recording effectiveness as a function of the angle of
of entry intec the 1nstrumenf{ 1s shown in Figure 3. Thils Figure
shows one of the angular characteristics obtained for the A-3 instru-
ment, recorded for electrons with energy 435 MeV passing through the
center of the Ch counter radiator at the angle ¢ to the instrument
axis 1n one projection, and with fixed angle ¢ = 0 in the other
orthogonal projection. The effectiveness changes very weakly in the
angle interval + 10°, and decreases sharply with increase of ¢. The

effectiveness of reverse flux (¢ = 180°) recording is less than

2 - IO*M'
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The geometric factor of the A-3 instrument, calculated from

calibration measurements for electrons with energy 435 MeV, 1s T =

(14.5 + 1.0) cm® - sr.

2. apark Chamber Calibration

When recording electrons and muons, it was shown that in the
large spark chamber gap the sparks follow along the partiele tracks
up to a maximum angle, determined by the Instrument aperture and
equal to ~ 20°. The accuracy of particle angie measurement in the

upper gap is v 29,

Comparlson of the shower curves obtalined during calibration for
electrons with energy 100 - 1500 MeV with the calculated curves or
the shower curves obtalned by other experimental methods showed that
the spark chamber has effectiveness close to 100% [12] for recording

of many particles.

The total number n of sparks in all five gaps serves as the
characteristic of the electron shower 1in the spark chamber. Figure
4 shows the dependence of the average number n of sparks and the

standard deviation Gn of the number of sparks as a function of
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1l — TIAN spectrometer; 2 —

PTT linear accelerator increases linearly with energy in-

crease 1n the 100 - 1000 MeV inter-

val; for higher energles we observe
some deviation from the linear relationship, which is most 1ikely ex-
plained by the spark overlap in showers with a large number of parti-
cles. The relative error of individual electron energy measurement,
based on number of sparks in the shower, 1s equal to approximately
70% for B = 200 MeV, and 50% for E = 1000 MeV. This large error
arises because of fluctuations during initial development of the
shower. However, the multilayer spark chamber can he used as a
spectrometer for measuring electron group energy spectrum shape. As
a result of calculation made on the basis of the calibration data

shown in Flgures 2 and 4, for an electron differential energy spec-
trum of power-law form N (E) = CE“a, we cobtained the dependence of

of the average number n of sparks in the showers on the value of the
exponent a, shown in Figure 5 [13]. The statistical error in meas-

urement of the spectrum exponent for a group of 100 showers is 10%.
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During A-3 instrument operaticn in a proton beam with momentum
2 GeV/c, we determined the probability of electron event imitation by

nuclear-active particles. The separated| proton beam contained v~ 95%

protons and v 5% ﬂi-mesons. It was shown that with probabillty (3.0 +

0.8) - 10_2, nuclear-active particle incident on the instrument causes

triggering of the CHCl counter telescope. Examination of the

0203
events recorded in the spark chamber showed that (0.180+0.022) cf

them are accompanied in the spark chamber by a shower pattern which

does not differ in form from the showers generated by electrons. In

the remaining cases, individual tracks or characteristic nuclear /117
interactions of the "star" for "fork" type and sudden track termina-
nations were recorded. Thus, the probability of electron event imita-
tion by nuclear-active particle with mcmentum 2 GeV/c is (5.5il.6)-10-3.
Since with increase of the inclident particle energy the probability
increases that one of the nuclear interaction products will enfer the
"anticoinceidence™ counter 03, the imitation probability will be lower

for high energies.

Measurement Conditions

The measurements were made using controllable high-latitude
balloons at 46° North geomagnetic latitude. In all, six direct elec-
tron flux measurements and two albedo electron measurements were made.
Information on the flights made is shown in Table 1.

Each ingtrument was installed in a sealed, thermally insulated
container in which there was also located a console with auxiliary
instruments: clock, thermometer, vacuum gauge, compass, and plumb
line, which were photographed simultaneously with the spark chamber.
The 1instruments were activated on the ground before launching the
ballocon, and operated both during ascent, which usually lasted 1.5 -

2 hours, and during drift at maximal height. In all the measurements,

154



TABLE 1

FLign qave | PSR SN | aghoupnre, | Jeasurements nede e,
g/cm
June 14, 1967 2 h, 22 m 25.0 Electrons (A-=3)
July 6 2 h, 53 m 19.0 BElectrons (A-3)
Oct. 27 3 h, 286 m 20.0 Electrons (A-3)
Oet. 31 1 h, 47 m 16.0 Albedo electrons (A-3)
July 9, 1968 3 h, 16 m 8.7 Albedo electrons (A-2)
Oct. 8 2 h, 54 m 7.7 Electrons (A-3)
Oct. 19 4 h, 11 m 8.9 Electrons (A-3)

the temperature and pressure inside fthe container remained in the
limits of 10 - 15° C, and about 1 atm. The altitude in the atmos-
phere at any moment of time could be determined from the barogram

recorded during each flight.

In the albedo flux measurement case, the container with the in-

strument was rotated 180°.

Measurement Results

From the data obtained in flight, we determined the electron

intensity and energy spectrum at various altitudes.

The electron intensity was calculated from the formula

Ne

=TI

where Ne is the number of particles recorded during the time T = 10

min, T is the instrument blocklng time, N 1Is the total number of in-
strument triggerings during the time T, T is the instrument geo-~
metric factor, n ls the recording effectiveness. 3ince the geo-
metric factor and effectiveness are functions of energy, the value
I'n averaged over the recorded particle spectrum is substituted into
the formula.
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Figures 6 and 7 show

the measured direct and IR . :;
albedo electron flux in- IE : - ‘ :i
tensitlies. The altitude — ) ‘ L xf
dependence of the secondary lg 107 a2 ¢ & % éﬁéﬁi%g 34 i
atmospheric electrons was @ - lf -{}% 11
calculated in [14]. Al- o ifﬁﬁ%}ﬂ ' | fg}
though the calculation was - . : {
made for energies greater E *
than 1 GeV, the comparison Q*EV;? N
made in [14] between the § F \
calculated curve and the b 5 ’ .
experimental data of [2], 5- - -
in which electrons with - (J’ :'“}pl'f — ,‘....’/}1’:‘ M .MIJ
lower energies were meas-— >
ured, showed that the cal- Atmospheric depth, g/cm
Figure 6. Altitude dependence of the

culated relative altitude
dependence remalns fthe
game in the energy linter-

with energy 100 - 1500 MeV:

direct (toward Earth) electron flux

1 — May 14, 1967; 2 — July 6, 1967;

3 — Cect. 27, 1967; 4 — July 9, 1968;

val 100 - 1000 MeV.

We should note some
peculiarities in the alti-
tude dependences of the recorded
fluzxes.

a) Altitude dependence of
the direct (toward-the-Earth)
electron flux with energy 100 -
1500 MeV.
measurenmnents agree well with one

The results of all six

another and with the theoretical
dependence at large depths (h 2

100 g/cm®) if the calculations
of [14] and the data of the
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present experiments are normed to h ~ 120 g/cmg. Specifically, at

the maximum (v 120 g/omz), the measured flux intensity amounts to

about 0.1 (cm2 - sec - sr)'l. At small depths (h < 50 g/cmz), the
individual measurement results diverge markedly. The greatest dis-
crepancy is observed for measurements made on June 14, 1967 and
October 27, 1967, on the one hand, and on August 6, 1967 and July 9,
1968, on the other hand. While in the first two of these [lights

the intensity varies anomalously weakly with height, in the second
two flights the measured intensity decreases with altitude, following
more exactly the calculated variation. At altitudes hl £ 20 g/cm?,

none of the flight results agree with the calculated flux [v lO-2

(cm2 - sec - sr)—l]J

The discrepancy found goes far beyond the statistical error
limit, and cannot be explained by the instrumental errors, since all
the measurements were made on the same instrument (A-3), and the con-
ditions inside the container were the same in all flights. A&n addi-
ticonal criterion of instrument cperation correctness is the instru-
ment counting rate for particles of non-electron nature — particles
which do not create showers in the spark chamber. Such partiecles,
constituting about 10% of the total number of instrument triggerings,

may be muohs, protons, and other particles which come to a stop or

~
I—l
W]
un

interact in block A, or are recorded by the instrument as a result

of count loss of the counter C,. Figure 8 shows the altitude varia-

3
tion of the non-electron event counting rate in flights with "normal"
(July 6, 1967, July 9, 1968) and "abnormal™ {(June 14, 1967, Oect. 27,
1967) electron fluxes. We see that at all altitudes, no marked dif-
ference is noted in the counting rates and, consequently, the instru-
ment recording effectiveness was constant in all the flights. PFig-
ure 9 shows the altitude variation separately for electrons with
energy E v~ 500 - 1500 MeV, which caused in the spark chamber showers
with number of particles n 210. Once, again, 1In this energy interval
in the June 14, 1967 and Qctober 27, 1967 flights, we observe in-
creased electron flux intensity, although the statistical errors are

markedly higher here. This result indicates that particles, not
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Figure 9. Altitude dependence of
direct flux electrons with energy
500 — 1000 MeV:

Notations same as 1in Pigure 6
only electrons with energy
100 - 200 MeV, whose dailly
variations were ncted in [15, 16], but also electrons of higher ener- g;g;
gies (500 - 1000 MeV), whose variations were noted for the first time,

particlpate 1n the electron flux varaltions which we discovered.

b) Altitude dependence of albedo electron flux with energy

100 - 1500 MeV. The results of albedo flux measurements made on
October 31, 1967 and August 9, 1968 are shown in Figure 7. The al-
bede flux differs from the direct electron flux in both absolute

intensity and altitude dependence. The albedo electron flux increases

monotonically with altitude up to about 15 g/cm€, where its maximum
is apparently observed.

It should be noted that the albede flux measurement is made
particularly difficult by the background from the direct flux of
high-energy gamma gquanta, which are converted In block A and create
a powerful electron shower, and in this case an impulse develops in
the directicnal Cherenkov counter. Among the Ch010253 telescope

triggerings, only 20% of the cases are caused by albedo electrons.
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Separation of albedo electrons from the background gamma quanta was
possible, thanks to the presence of the spark chamber, in which 1t

is possible to détermine the electron shower development directlon.

It was apparently because of the strong background from electrons

and gamma quanta of the direct flux that in [17], where only a counter
telescope was used, the albedo electron flux recorded was higher by
several fold, and the altitude variation of thils flux repeated the
strong altitude dependence of the direct electron-photon component

flux.

In addition to intensity, at the varicus altitudes we measured

the exponent o of the recorded flux differential energy spectrum.

In order to determine o, we calculated the average number n of
sparks in the showers at the given altitude, and from the calculated

dependence of n on a (see Figure 5), we determined the values of o,

Flgure 10 shows the altitude dependence =
of O - We see that the electron energy E‘
spectrum varies with depth In the atmos- §43
phere, which is a result of the differ- jﬁ;
ent participation at different altitudes ggg /
of the two basic secondary soft compon- %.él
ent generation processes: T+ g > e % E
decay and ©° - 2y [18]. . 2 T S
ale 17? w7
The exponents ¢ measured for '"nor- Atmospheric depfg,
aml™ and "abnormal" fluxes agree every- Figure 10. AltifudeCZe-
where, except at the high altitudes pendence of differential
5 _ electron energy spectrum
(less than 30 g/cm®). At these alti- exponent o,

tudes, a of the "abnormal" flux is

lower than for the "normal" flux, i.e., the "abnormal" flux has a

more rigid spectrum.

Because of the limited albedo electron flux statistics, it was
not possible to consftruct the albedo flux spectrum exponent altltude

dependence. The exponent o averaged over all altitudes 1s 1.6 + 0.3.

alb
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Discussion of Resulfs

The most interesting result of the measurements 1s the discovery
of large direct electron flux variations in the upper layers of the
atmosphere. Since significant primary cosmic ray intensity changes
were not observed during the measurements, the secondary electron
flux should not have changed noticeably. Therefore, increase of the
recorded electron flux intensity could take place only as a result

of the appearance of additional electron flux iadd’ incident from

outlisde on the top of the atmosphere, whose magnltude is equal to
the difference between the recorded and calculated'secondary Tfluxes,.

The exponent o of the additional flux differential energy spectrum,

add

calculated from the o difference for the "abnormal" and "normal™

fluxes, was 1.56 + 0.22.

The additlonal flux cannot be explalned by variatilon of the /123
double-albedo electron flux. The albedo and double-albedo electron

fluxes were ldentical in magnitude, and the maximal albedo flux which

we measured was v~ 7 10_3 (cm2 - gec - sr)—l, which is nearly an

order less than the recorded additional fluxes.

Table 2 shows the direct electron fluxes and additionagl fluxes
obtained in the six measurements made (in calculating the additional
fluxes, it was considered that the secondary electron flux calcula-
tion inaccuracy [14] 1s 20%), and also quantities characterizing cos-
mic ray intensity, solar activity, and state of the Earth's magnetic
field on the days of observation: number of Deep River neutron moni-

tor counts M, number RZ of solar spots, oyerall magnetic field Kp—
index {ZKp)', and the change of the overall Kp—index cn the day of
measurement in comparison with the preceding day (ACK,). While XK,
characterizes the state of the magnetoesphere, AQK,) | shows whether

the disturbance level is increasing or decreasing. We see from the

values shown in Table 2 that the additional flux correlates only with

160



TABLE 2

Measurement
date

102
€

(cm2-sec-sr)_l

at h=25 g/cm2

2
Iadd 10

(cmg-sec-sr)"1

at h=25 g/cm2

LK
p

A(ZKp)

Direct flux

June 14, 1967 | 9.3 + 0.9 6.3 + 1.1 6625 | 31 | 23 |+ 10
July 6 4.1 + 0.4 1.1 + 0.7 6634 | 97 | 14 |- 10
Oct. 27 9.2 + 0.7 6.2 + 2.0 6679 {125 | 18 |+ 13
July 9, 1968 3.7 + 0.5 0.7 + 0.8 6489 91 g ~ b
Oct. 8 3.8 + 0.5 0.8 + 0.8 4§ - 8
Nov. 19 4.2 + 0.4 1.2 + 0.7 6217 12 |- 16
Albedo
Oct. 31, 1967 |0.52 + 0.08 | - 6414 j100 |11 | - 7
July 9, 1968 0.40 + 0.15 - 6489 91 9 - 4

the parameters characterizing the maghetic fileld:
flux appears for large values of FK, and AZK,).

the additional
This means that ap-

pearance of the additional flux is connected with magnetosphere tran-
sitien from the quiet to the disturbed state.

Both the very fact of additional flux recording and thelr de-
pendence on magnetosphere state lead us to the conclusion that elec-
trons with energy greater than 100 MeV exist and accumulate in nearby
near-Earth space. We can conslder that such electrons fill the part
of the inner electron belt nearest the Earth, and are weakly re-
tained by the geomagnetic field. The additional fluxes which we
recorded represent the "spilling" part of the trapped flux, and
spilling takes place for comparatively small maghetic field disturb-
If the trapped flux is located on the shell L = 2, spilling
should be observed at the middle latitudes, where our measurements

were made, and should be absent at the high latitudes, where most of

arices.

of the electron flux measurements in the 100 - 1500 MeV interval were

made by other authors [2, 3, 15, 16, 19 - 24]. However, many
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measurements of the electron flux in the same energy interval have
been made at the middle latitudes [17, 21, 25, 26], and the fact that
the additional electron flux was not detected in these studies is
apparently explained by the fact that none of these measurements were
made with such a disturbed magnetosphere (¥K,=18, and ARK, = 10),:

as our measurements on June 14, 1967, and October 27, 1967.

While the measurement on July 9, 1968 yields the electron flux
value for the quiet magnetosphere and the measurements on June 14,
1967 and October 27, 1967 yield the value for the disturbed magneto-
sphere, the measurements on July 6, 1967, October 8, 1968, and Novem-
ber 19, 1968 represent essentially an intermediate case: small dis-
turbances took place on the days before the measurement (July 5,
1967, October 7, 1968, November 18, 1968) and terminated by the time
of the flight, as indicated by the large negative values of the quan-
tity A(¥K,y. The time between termination of the "disturbance" and
initiation of the measurements was 3 - 18 hours. Spilling was nearly
completely terminated and an electron flux state returning to the
mormal" state is recorded, although in the 500 ~ 1500 MeV interval
(Figure 9), there is still marked excess above the "normal™ state in

the measurements on October 8, 1968 and November 19, 1968.

Electrons with energy greater than 100 MeV, having Larmor
radius > 90 km, can be retained by the Earth's magnetic fleld, which
follows from the fact ¢f recording in the inner radiation belt on
the shellwith Ijv 1.5 of protons with energy Ep > 110 MeV, whose

Larmor radius exceeds 400 km [4].

2

If the spilling part constitutes &~ 10 ° of the trapped flux,

the intensity of the latfter must be no more than 1 - 10 (cm2 -+ sec

sr)_l, which is several orders of magnitude less than the electron
flux intensity with energy 0.01 - 1 MeV, usually recorded 1n the
radiation belts [27]. It appears that faster and more selective

eguipment, in comparison with that usually used for analysls of

162

/12h



radiation belt composition [27] 1s required for recording such flux
on the background of considerably larger low-energy electron and

energetic proton fluxes.
In conclusion, we wish to express our thanks to E. I. Pobedono-

stsev, V. A. Petukhov, and I. A. Prishaev for thelr assistance 1in

carrying out the experiments.
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STUDY OF CHEMICAL COMPOSITION AND ENERGY SPECTRA.
OF GALACTIC COSMIC RAYS ABOARD ALES

N. L. Grigorov, N. N. Volodichev, I. A. Savenko,
and A. A. Suslov

Nuclel heavier than protons in cosmic rays were first dis- /126
covered in 1947 by groups of researchers at Minnesota and Rochester
Universities. Using a nuclear emulsion and Wilson chamber installed
aboard balloong, they found in the primary flux nuelei of wvarlous
elements up to charge AT [1, 2]. Since that time, the chemical
composition and energy spectra of multiply charged primary coesmic

radiation nuclei have become the objects of intense study.

In the present article, we discuss the result of measurements
of nuclei fluxes with charges 2 > 1, 2, 4, 6, 16 of primary cosmic
rays of moderate cnergy, obtalned aboard the Proton 2 cosmic station
using an SEZ-1 Cherenkov spectrometer [3] in orbital segments with
known satelllte orientation. We selected trajectory segments in

which the satellite rotated about i1fs axes with rate not exceeding

1 -2 deg/sec_l, which made 1t possible to calculate the cutoff geo-
magnetlc rigldity values towithin # 10%. Therigidity values were cal-|
culated from the data of [4]. Among the available data, these con-

ditions are satlisfled by 16 measurement seances, lasting approxi-

mately 12 hours each. For the analysis, we selected data obtained
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without instrument shading by the Earth. Table 1 shows the numbers
of nuclei of the various groups recorded in the 16 measurement
seances in the geomagnetic riglidity interval 3 - 16 GeV/c, and fthe
time the satellite was in the no-shading =mone. We note that the
satellite was in this zone for less than 20% of the time.

TABLE 1%
1, hfg[ N (221 &(Zéa N2z N (Zz6) N (Zz186)
10,0 475800 58 382 | 8732 6065 | 501

%
Translator's note: Commas represent
decimal points.

1. Primary Nuclear Group Flux Relations

The experimental data presented in this study were obtained dur-
ing nearly a month of instrument operation. Therefore, we musi be
cerfain that in the course of this time the instrument operated
stably, and that the same nuclear groups were measured. The inten-
sity of the various nuclear groups measured by the instrument during
this period can serve as a control of instrument operation. Since
the satellite was not oriented and performed random rotations around
its axes, we determined the average intensity over a quite long time
interval in order to exclude the influence of instrument inlet aper-
ture shielding by the Earth. Figure 1 shows the dependence of the
averaged — with respect to direction and time (approximately a day)
— intensity of nuclel with Z=1,Z2=2Z>=4,Z=6/and Z>16/, on time
in the course of satellite orbits l-w 631. The statistical errors at
each point in the scale of the figure do not exceed the dimensions of
the points. The filled points were obtained by averaging the data
over half a day, since information for the other half of the day was
not available for one reason or another. We see that for the group
Z 2 1, this time is not sufficient, apparently because of the fact
that in this group the primary nuclei are supplemented by secondary

particles, whose distribution with respect to latitude and direction
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differs from the distribution

for the primary particles
[5 - the

mean square deviations of the

Nevertheless,

day-long average intensities
from the mean Iintensity
values for each nuclear group
do not exceed 1%. The con-
standy of the intensities for
all the nuclear groups in-
dicates quite convinecingly
stable values of the photo-
multiplier electrical thresh-
olds and gainlin the course
of the long measurement time

pericd.
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possible to examine the data obtalned by averaging them over a long

time interwval.

Table 2 shows the average nuclear group flux ratios

TABLE 2%

R.GeV/cT N (Z22)/N(Z26) N (Z22)/N(Z216)
36 10,6:+0,2 11310
6—10 10,6+0,3 123421
10—16 11,0+0,5

¥

Translator's note:

decimal poilnts.

9i+9

Commas represent

N(Z=2/N(Z=6)| and N (Z=2/N (Z=16)| during 16 measurement seances,

and the mean square deviations from the average values in sach cutoff

geomagnetic rigidity R range.] Correctlions for distortions due to

the threshold devices and edge effects

ratlos. We see that,
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the fiuxes of nuclear groups wilth Z;al Z=6, Z=16{do not change with

rigldity inecrease from 3 to 16 GeV/c.

2. Primary Cosmic Ray Nuclel Rigidity

and Intenslty Spectra

Using the data obtained, we plotted the integral rigidity spec-
tra for particles withZ=1,Z=2/Z=6/, and Z>16/ (Figure 2). Here,

the intensity values were determined by averaging in the threshold
rigidity intervals 1 - 3; 3 - 63 6 = 10; and 10 - 16 GeV/c the in-

tensities obtained during the 16 meas-
urement seances. In Figure 2, the in-
tensity values found in this way lie in
the middle of the corresponding rigid-
ity intervals., An exceptlicon are the
intensities defermined for the rigidity
1 - 3 GeV/¢, which relate to the effec-
tive rigidity values determined by the
instrument threshold devices. Table 3
shows the nuclear group intensifties ob-

tained for kinetic energies E cQr-

kin?
responding to the effective rigidity

values.
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2. Integral

rigidity spectra for par-

The integral rigidity spectra ex- ticles with different
penents v - 1, determined from our data charges
TABLE 3%
Nuclear group Epspne GeV/nue Particle rate, m2egec t.srt
Z=1 >0,5 4420--80
22 >0.7 430-£10
Z>=6" >0,5 . | 4742
Z=16 | =0,6 | 3,3:£0,2

*
Translator's note: Commas represent decimal points.
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in the interval 6 - 16 GeV/e¢, are equal to 1.3 + 0.1 for the nuclear
groups with 2 > 2 and Z26; 1.1 + 0.1 for the group with Z > 1; and
1.0 + 0.3 for the group with Z 2 16. The errors of the ¥y - 1 values
were dus to the mean-square deviation of the intensitiles cbtalned in
each measurement seance from the averaged intensity values. The
somewhat smaller slope of the spectrum of particles with Z 2 1, in
comparison with the slope of the spectra of nuclei with Z > 2 and

Z > 6, is apparently due to secondary particles, whose relative con-
tribution to the primary nuclei fluxes increases with decrease of
the latitude [5]. The reduction of the spectrum slope of nuclel
with Z > 16 can be explained by the inadequate statistical basis for
these nuclei. Considering these remarks, we can conclude that the
integral rigidity spectra for all the primary nuclear groups repre-
sented here are similar, and the exponents Y - 1 of the integral
spectra for these groups satisfy the value 1.3 + 0.1. Thils agrees
well with the ¥y - 1 values published in the literature for threshold
rigidities 3 - 16 GeV/c¢ [5, 9, 10].

3. Dependence of Nuclear Group Flux Ratio
L (3 <2 <5)/8 (Z>6)on Rigidity

The light nuclear group fluxes L (3 24 < 5) were determined
from the difference of the fluxes of nuclear groups with Z > 4 and
Z 2 6, with account for nuclear abundance in this group [5].

According to the calculaticns, the probability of recording o-

particles after a threshold reccording nuclei with 2 > 4 did not ex-

ceed 1077, Table 4 compares the average nuclear group L and S flux|
ratios during 13 measurement seances for different threshold rigid-|

ity intervals. Corrections for distortions due to the threshold

devices and edge effects were introduced intc these ratios [8]. We /130
see from Table 4 that the guantity L/S increases from 0.28 + 0.02

to 0.42 + 0.03 with increase of the geomagnetic cutoff rigidity.
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4, Discussion of Measure- TABLE 4%

ment Results . :
R GeV/cl s

As noted above, the channel . 3-6 0,28+0,02 »
: ] ) ) 610 . 0,3940,03 1
intended for registering particles 10—16 _ 0,42+0,03 T

with Z2 > 1 recorded both primary % ,
B Translator's note: Commas

protons and nuclel and secondary represent decimal points

singly charged particles. Figure

3 shows the integral rigidity _
spectra for these particles measured '3 e107
aboard the Protcen 2 AES during orbits iz
45 - 52 of the satellite trajectory K)fm”
Ol sz =2k
(points) and aboard the Kosmos 137 AES A
(solid curve) [11]. The measurements B dil— o [
aboard Kosmos 137 were also made by a o i

Cherenkov counter, a year after the Figure 3. Integral
rigidity spectra for

measurements aboard Proton 2. With ac- particles with charge

count for the statistical errors, we 2 > 1:

can consider that the results of the 1l — Proton 2; 2 —— Kps-

two serles of measurements are quite mos 137; 3 — statlsti-
cal error of measure-

close. The statistical error for the ments aboard Kpsmos 137

measurements aboard mosmos 137 1s shown

below the sclid curve.

The resulting integral spectra and nuclear group ratios as
functions of rigidity indicate similarity of the integral spectra of
nuclear groups with Z > 2, 6, 16 in the 3 - 16 GeV/c interval, which
conflrms the preliminary conclusilons drawn previously on the basis
of analysis of the information obtalned aboard the Proton 1 and 2
AES [12 - 15}. The same conclusion has been drawn in several studies
performed aboard balloons and satellites [5, 9, 16, 17]. However,
studies have recently appeared in which the pcssibility of differ-
ence 1in the spectra of the different moderate-energy nuclear groups

is noted.

Specifically, in [10, 18, 191, the values 1.32 + 0.05; 1.40 +
0.07; 1.46 + 0.14, respectively, were obtained for the integral
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spectra exponent of the nuclel of helium, the M-group (6 2 Z £ 9)

and the VH-group (Z 2 20) for 3 - 12 GeV/c geomagnetlc cutoff rigid-
ity. The authors of these studies state that their results do not
exclude systematic increase of multiply charged nucleil spectra slope
with increase of the charge. A similar conclusion was reached pre-
viously in [20], buft it was not confirmed by later experimental data.
If the conclusions drawn in {10, 18, 19, 20] are confirmed, a ques-
tion inevitably arises: 1is the difference in the nuclear group spec-—
tra embedded during spectra formation in the cosmlec ray scurces, or
is this the result of primary nuclei interaction with the hydrogen
of the interstellar medium? Thus, lmproved determination of mulfiply

charged nuecleil is an urgent problem today.

The concluslion on similarity of the integral spectra of the
various nuclear groups in the moderate-energy interval drawn in the
present article confirms gqualitatively the possibllity of existence
of the cumulative acceleration mechanism proposed in [21], in which
the particles acguire identical momenta per unit charge, i.e., they
are accelerated to the same rigidity, and their rigidity spectra are
thus similar. The values obtained for the integral spectra exponents
1.3 + 0.1 agree with the values 1.5 + 0.2 given in the literature
[5, 9, 10]. The values presented for N (Z > 2)/N (Z 2 6) and
N (Z z 2)/N (Z > 16) are close to the flux ratios of these groups
for moderate energies obtained by other authors [5, 10, 19].

The intensity values for the nuclear groups obtained in the
present study exceed, by a factor of two or more, the intensities
measured by several investigators in the same time period aboard
balloons [10, 18, 19, 22 - 247, and aboard "distant" satellites
[25 - 28], although there are exceptions [25, 26, 29, 30].

The data on nuclear group fluxes obtained aboard "nearby" satel-
lites (altitudes ~ 200 - 600 km) are scanty. However, we should
note the study [17], in which high intensities of the various nuclear

groups Were zalso obtained.
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The high (in comparison with the galactlc cosmic ray nuclear
flux values accepted in the literature) intensity values obtained
aboard the Proton 2 satellite can be explalned, for example, by
trapping of primary cosmic radiation nuclel into quasiperiodic or-
bits. An argument supporting this assumption is the similarity of
the different nuclear group flux magnitude ratios from the Proton 2

satellite data to the corresponding ratios for galactic cosmic rays.

However, the instrument aboard the Proton 2 AES did not permit
differentiating single particles from "shower" events. Therefore,
the high intensities obtained may be due to recording of showers, al-
though quantitative explanation of the effect, in this case, encount-
ers major difficulties. We should emphasize that the high intensi-
ties measured aboard the Proton 2 AES for the different nuclear
groups retaln constant values over a long time period (i 1.5 months).
It seems to us that this effect is of considerable interest, and hew

experiments are required to clarify its nature.

The values for L/S = 0.28 - 0.42 in the present study agree with
the results of several studies [10, 31 - 38], in which the values
0.2 = 0.4 were obtained for this ratioc, which corresponds to thick-
ness of matter traversed by the primary nuclel equal fteo 2 - 10 g/cm2
[5, 9, 23] and cosmiec ray lifetime ~ 3 - 108 L1911 |

The increase of the nuclear group L ;?' 3 i [
and S8 flux ratio noted in the present 3 P
study with geomagnetic cutoff riligidity ?J*
increase (Figure 4) agrees qualitatively é,
with the resultsof]f24], in which increase o :¢“' L1 :

.f‘_“ &Gev/d
of this ratioc (more precisely L/M) from : :

0.18 + 0.05 to 0.30 + 0.03, with energy

increase in the interval from 100 to more

Figure 4. Ratio L/S
versus rigidity

than 600 MeV/nuc, was obtained. In some

studies [31, 32], no change of L/S with energy was found, while in
[10, 33 - 381, decrease of thils ratio with energy increase is noted
Tfor mederate energies, although, if we consider the measurement ac-

curacy, 1t 1s more natural fo speak in [33, 35, 361 of constancy of
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the ratio L/S with energy change. We should also note that study of
the dependence of L/3S on energy in the moderate-energy interval has

been carried out aboard balloons, except for our investigatilon.

More precise determination of the nuclear group L and 3 flux
ratio energy dependence is important for solving the question of
selecting the particular cosmic ray origin model. If it is found
that L/S increases With energy increase, this may support the unsteady
galactic model, in accord with which most cosmle rays are formed dur-
ing powerful and rare explosions in the galactic nucleus region. The
frequency of such explosions is no greater than once in v 108 years

[9, 39 - 41].

Decrease of L/S with energy increase will be an argument agalnst
the nonstationary galactic cosmic ray origin model [39, 40, 42].
Such dependence of L/S on energy can occur, for example, 1f nucleil
with low rigidity enter the trap in the source reglon, passing
through as a result of the larger amount of matter, and in this case
more L nuclei are formed by fragmentation [43], or, if the slow cos-
mic rays travel basically in the disk region, where the average in-
terstellar gas density 1s higher, while the relativistic particles
spend a significant part of the time in the more rarefied halo [40].
The question of acceptability of any particular model can be finally
resolved after accounting for the ionization losses during primary
nuclei propagation in interstellar space and establishing the frag-
mentation paramater energy dependence [39, 40, 427.

5. Prospects for Investigation

Several studies [5, 9] of Soviet and foreign experimenters have
beenn devoted to investigation of primary cosmic ray composition and
energy spectra. Prilor to the advent of artificial satellites and
space rockets, experiments of this sort were performed aboard bal-
loons (primarily by the foreign investigators). These measurements
made it possible to determine the energy spectra of the varicus nu-

clear groups as a function of primary cosmic ray charges, obftain

174



information on the chemical composition of nuclei of solar origin in
the low-energy interval during powerful chromospheric bursts on

the sun.

However, in view of the small number of ballocon flights and
large measurement errors, the data on cosmic ray nuclel chemical com-
position and energy spectra were far more scanty than the correspond-
ing data on the cosmic ray proton component. This 1is explained by
the fact that, i1n addition to the large statistical measurement er-
rors associlated with the small magnitudes of the cosmic ray multiply
charged compcnent fluxes, errvors 1ln comparing the data of different
authors, obtained using different Instruments, are possible. Addi-
tional discrepancies resulting from such comparison arise when ex-
trapolating the flux values obtained from balloon experiments to the

upper edge of the atmosphere.

When conducting measurements beyond the limits of the Earth's
atmosphere, i.e., aboard satellites and space rocketjs, the drawbacks
noted above, associated with balloon experiments,jdisappear fto a con-
siderable degree and, moreover, it becomes possible to conduct guite
long-term and continuous observations of cosmic ray intensity. Such
observations are very important in obtaining statistically valid meas-
urement results when studying intensities in comparatively narrow
energy intervals, or when recording heavy nuclei and very-high energy
particles, when the intensity of the particles belng recorded 1is

very 1low.

From the data on primary cosmic ray chemical composition and /134
energy spectra and their changes as a functlon of time, we can obtaln
valuable conclusilons on the processes of cosmic ray generation 1n
the sources,propagatiomconditions in cosmiec space, and the proper-
ties of this space (magnhetic fleld structure, amount of matter trav-

ersed by the cosmic ray particles, and so on).
Most of the data published in the literature on primary cosmic

ray composition and energy spectra agree satisfactorily with one

another only for the nuclear groups based on charge. However, even
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for the intensity ratios of the elements within a given nuclear group,

the difference may reach a factor of two or more. At the same time,
it 1s necessary to know these ratios for the various energies wilth
far better accuracy, in order to analyze the correctness of any par-
ficular theory of cosmic ray origin, the mechanism of their genera-
tion, and in order to make a more detailed study of the conditions

in cosmic space.

In order to solve these problems, it 1s necessary to make meas-
urements using an instrument having the best possible charge ampli-
tude resclution when recording cosmic ray nuclel with different

charges 7.

Study of primary cosmic ray chemical compesition and energy |
spectra is carried out by wvarious methods: photoemulsions, n - p de-
tectors, scintillation and Cherenkcov counters, calorimeters, and so
on. However, in the geomaghetlc energy interval, use of scintilla-
tion and Cherenkov counters 1s advantagecus, slnce in this case they

have the following advantages, in comparison with the other methods:

1) possibility of creating adequately wide-aperture instruments

with gecometric factor F[% 100 cm2 * sr, along with comparatively
simple fabrication, adjustment, and measurement result analysis; as
was noted sbove, this possibility is important in obtaining statisti-
cally valiid measurement results when recording low-intensity radia-
tions;

2) directivity of the Cherenkov radiation and insensitivity of
the Cherenkov detector to low-energy particles, specifically, nuclear
disintegrations; these characteristics make it possible to aveid the
background of low-energy particles whose intensities may exceed by
several orders that of the radiation being studled.

One of the disadvanftages of the scintillation-Cherenkov counter

method, in compariscn, for example, with the photoemulsion method,

is the "nonvisuality" of the events being recorded which, however,
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can be compensated for to a considerable degree if differential
ampliitude analysis of the nuclei, based on i1ndividual charges, 1s
made. If such an analysis is not made, and recording of the cosmic
ray nuclear groups 1s accomplished by integral threshold devices (as
was the case in the SEZ-1 instruments aboard the Proton 1 and 2
satellites), then for corrsct interpretation of the measurement re-
Sults in this case, proper correlation of the triggering threshold
level in the given integral channel with the "threshold" wvalue of

the recorded particle charge is necessary.

The amplifude resolution of the recorded particles, with regard
to charge when using the scintillation-Cherenkov counter method,
can also be quite good. Thus, under laboratory conditions, when
using instruments of the SEZ-1 type, the amplitude distributions of
singly charged relativistic particles were obtained in the Cherenkov
counter with relative halfwidth o % 50%. TFor relativistic particles
having charge Z, the distribution relative halfwidth will decrease
in inverse proportion to Z. However, in order for such a relation-
ship to be realized, it 1= necessary, when using in the Cherenkov
counter "large" photomultipliers of the PM-U4% type, to select photo-
multipliers with adequate uniformity of the sensitivity over the
pnotocathode, and screen the pheotomultiplier from the Earth's mag-
netic field influence by a magnetic shield. When using as Cherenkov
light detectors "small" photcmultipliers, in which the photocathode
dimensions and distance from the photocathode to the first dynode are
much less than for the PM-49, it is necessary to ensure uniform light
collection, regardless of the point of recorded particle passage 1n
the detector.

It should be noted that the difficulties noted avove are not
fundamental. Simple calculations show that elimination of these dif-
ficulties, along with use of "good" instrument geometry, is gquite
possible with reasonable instrument dimensions, and makes it possible
to carry out differential amplitude analysis of the cosmic ray nuclei
on the basis of individual charges, up to and including the iron
nuclear group. However, in this case it 1is necessary to perform
Simultanecus differential analysis of the reccorded nuclei on the
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basis of charge, using both Cherenkov and scintillation counters
in order to avoid ambiguity in identification of events assoclated
with Cherenkov radiation intensity dependence on energy near 1its
"threshold".

An instrument of the SEZ-1 type, with use of a linear amplitude
analyzer for nuclear charge analysis, was installed aboard the Cosmos
228 satellite. Preliminary results of measurements obtained using

this instrument were presented in [44].
In conclusion, the authors wish to express their thanks to V, V.

Beletskiy, I. G. Khatskevich, V. V. Golubkov, A. F. Sidorov, and I.
A. Buterina for analysis of the Proton 2 AES orlentatlon data.
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PROCESSING PROTON SPACE STATION SCIENTIFIC INFORMATION

V. V. Akdimov, V. V. Beletskly, V. V. Golubkov,

G. N. Zlotin, S. I. Karmgnhov, I. N. Kiknadze,

V. Ye. Nesterov, V. M. Pokras, V. L. Prokhin,
I. D. Rapoport, and I. G. Khatskevich

Introduction

The primary objective of the experimenter in conducting meas-
urements aboard satellites 1s rapld and effective acquisition of in-
formation on the measured parameters. Leaving aside guestlons asso-
ciated with formulation of the scientific experiment itself and
guality (or validity)} of measurement of the parameters being investi-
gated by the sclentifle apparatus sensors, we shall examine those
characteristics which are asscciated with the specifics of conducting
experiments aboard satellites and must be considered in processing

the scientific information.

The questions are asscclated both wilith the nature of the
measured paramefer output to the telemetry system, technique of data
transmission and reception by the ground staticns, techniques for
correlating the measured parameters with the time and the data on
satellite motion along its orbit and around its center of mass (i.e.,
questions of the design of certain satellite systems), and with the

methods for processing the sclentifle informaticn using ground-based
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speclal-purpose and general-purpose computers. These characteris-
tics are general, and must be considered in the design of most
scientific experiments aboard satellites. Therefore, 1t seems to us
that the experience accumulated in planning and carrying out scien-
tific data processing for the Proton AES will be of considerable
interest to both the physicist-experimenters and the satellite system

designers.

1. Proton AES Experiment Formulation and

Data Processing

The basie task posed in carrying out scilentific experiments
aboard the Proton AES was to ensure interaction between the sclenti-
fic equipment, satellite systems, and ground processing facilitiles
which would permit rapid automatic analysis of all the informatilon.
Here, all the indicated elements were considered component parts of
the Proton AES integrated instrumentation-information complex, in-
cluding: scientific instrument sensors; system for gathering infor- /139
mation and feeding it to the telemetry system; telemetry system
proper; scientific measurement support system (timing, trajectory,
and orientation measurement); the systems for receiving, recording,
decoding, and inputting the telemetry information to the general-

purpose computers; and the data processing system.

The first four elements formed the onboard components, and
the last two elements — the ground-based components of the satellite

instrumentation-information complex.

The scientific equipment description, procedures, and measure-
ment results were reported in [1 - 4]; the characteristic features
of instrument indlcaticn cutput to the telemetry system, description
of the system for telemetry information input to the computers, and

some other elements of the complex are presented below.

We shall note the basic operating characteristics of the

Proton AES data measurement complex.
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1. The scientific apparatus parameters are reccorded every
eight seconds continuously throughout the entire flight by a high-
scan-rate telemetry system using about 150 channels. The total vol-
ume of measurements subject to processing is about 107 bits per day,

or 109 bits|during the entire satellite lifetime.

2. Processing of the scientific apparatus parameters requlres
simultaneous decoding of many channels in each scan frame (the frame
is the eight-second cycle, corresponding to scanning all the tele-

metry channels).

3. Requirement for time correlation, not only of each frame,

but also of many channels within the frame.

4, Requirement for correlation of each frame to the naviga-

tional data (trajectory and orientation).

5. The Proton satellife is nonorlentable, and its orientation
is determined by a circular scan optical sensor (accuracy about + 3°)
and a three-component f[errosonde magnetometer. However, statistical
reduction of the orienfation data 18 requlred because of the large

measurement errors and inadequate number of measurements.

6. The necesslty for storing the raw recording data requlres

re-recording all the data on synopftic charts.

Y. Reguirement for hardware tie-in between the telemetry

system and the general-purpose computer.

8. Breakdown of the scientific information processing tech-
nological cycle into: processing the scientific equipment indications,
determinining the navigation parameters, combined processing of the

scientifie information, and the navigatilonal data.
The designers of this system were faced with two basic tasks:

1) the technical organization task, including organization of the

overall processing system and its 1ndividual elements; 2) the
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sclentific methods task, including the development and introduction
of methods and programs for processing the scilentiflc Information
and navigational data. In order to solve these rpoblems, it was

necessary to develop:

1) metheds for machine processing of the radiotelemetry infor-
mation, including the technique for ground-based recorder data input

into the general-purpose digital computers;

2) metheds for organizing the multistep process of processing

large and varied information streams;
3) method for determining vehicle orientation;

4) rational forms for output of the large volume of numerical

data for ftheir use by fhe experimenters;

5) methcds for checking the validity of the results generated

in the automatic data reduction process.

To this end, a mathematical support complex consisting of several
programs was developed and implemented for the Ural-1l and M-20 gen-
eral-purpose digital computers:

1) program for input to the Ural-1ll general-purpose digital com-
puter of informatlon from the ground-based telemetry system recorders
and preparation of the magnetic tape in the format of the given

general-purpcse digital computer ("Artur" system);

2) program for initial data processing with time correlation and

voltage scalings

3) program for loglical processing and output of the instrument

indicatlons for the various cutput groups;

4) program for determining law of satellite motion around the

center of mass from the measurement data;
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5) program for calculating the navigational parameters at

Specified moments of time.

As a result of formal division of the information streams into
arrays which can be assigned characteristics, serial processing of
selected arrays with fixed data format output for each of them was
organized. Thus, for éach reproduction seance entering for serilal
processing, a set of volumes was generated with instrument indica-
tions —- eight bcoks having the same format, which facillitated search
for and comparison of the values of the varicus parameters at the

same mcments of time.

In the process of debugglng the processing system, we developed
methods for output of intermediate synoptic materials characterizing
the quality and composition of the information ("tabular", "dropout
matrix", and "level number" methods), which made possible stage-by-
stage checking of the results, and resolution of the guestion of con-
trolling the course of the subsequent data processing.

II. Techniques for Instrument Indication Output

to Telemetry Sysftenm

The telemetry system transmits a voltage in the range of 0 - 6
V over each of the telemetry channels. This means that the output
signals of all the equipment installed abeoard the satellite must be
presented in the form of discretely or continuously varying voltages. /141
In this case, 1t is usually necessary that the time during which the
output voltages run through the entire variation range be longer than
the telemetry channel scan period. Otherwise, 1t becomes imposslble

te follow the cutput voltage variation process.

The information comes from the outputs of the scientific equip-
ment installed aboard the satellite in the form of voltage pulses,
formed by the electronic logie circults and corresponding to the
various forms of events recorded by the instruments. The numbers or

repetition frequencies of the pulses from all the sclentific equipment
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outputs must be transmitted over the telemetry system. The pulse
repetition frequency 1s converted into voltage by a rate meter having
linear or logarithmic scale. The reconversion from voltage level to
rate at the moment of telemetry channel sampling 1s accomplished on

the basis of the rate meter calibration curve.

When transmission of a number of pulses 1s required, use 1s
made of an oubtput unit consisting of one, two, or three ocutput trig-
gers and a summer. The summer has three inputs, with transmission
coefficients such that the application of voltage from the trigger
to the first input yields a voltage increment at the summer output
of about 0.85 V, application to the second input yields an increment
of about 1.7 V, and application to the third input ylelds an 1lncre-
ment of about 3 V. In the absence of voltages at the inputs, the
voltage at the summer output is equal to zero. Thus elght discrete |
voltage levels can appear at the summer output, each of which is|
‘uniquely assoclated with the state of the ocutput triggers. Conver-
sion from level number to trigger state is accomplished with the
aid of Table 1.

TABLE 1
Level Uout’ V {Trigger state Level Uout’ v Trigger state
no. at summer no. at summer
inputs inputs
1 2 3 2 2 3
0 Q 0 Q0 0 Y 3.4 0 0 1
1 0.85 1 0 0 5 4,25 1 0 1
2 1.7 0 1 0 6 5.1 Q 1 1
3 2.55 1 1 0 7 5.95 1 1 1

Figure 1 shows various techniques for connecting the output
triggers to the outputs A, B, C of the scientific equipment.
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Figure 1. Connection of scientlific equipment out uts

a — sclentific equipment outputs; b — trigger; ¢ — output to
telemetry system

In order to determine the number of pulses arriving from the
scientific equipment output during the time between two successilve

(nth

and (n + lst){telemetry channel scans, it 1s necessary to know
the number of the voltage levels at the summer output for these

scans (Nrl and Nn+1)4

Conversion from the level numbers Nn and Nn+l to number of

pulses is accomplished using tables like Table 2, which serve for
determining the number of type A pulses, with connection of the out-

put units in the various schemes (Figure 1), respectively.

Each of the output unit connection techniques 1s characterlzed
by the maximal uniquely reproducible number of pulses between two
succesgsive channel scans. For pulses A In schemes a, b, ¢ of Figure
1, the maximal numbers of pulses are equal to 7, 3, 1, respectively.
If there is a higher pulse repetifion rate, counting 1csses will oc-
cur, leading to distortion of the information. FPrescaling of the
pulses from the sclentific eguipment outputs is used to ensure an
acceptable pulse repetiticon rate at the inputs cof the cutput units.
Thus, each of the sclentific equipment outputs is characterized by:

1) prescaling value; 2) output unit connection technique.
When processing the scientific information, it is necessary to

use the data of magnetometers and times installed aboard the satel-

lite. Voltages varying in the 0 - 6 V range are applied to the
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Telemetry system from the magnetometers. With the aid of calibration
curves, the voltages can be converted toc magneftic ield intensity

component wvalues.

A veoltage of about 5 V appears at the timer output at the end
of each che-minute (iIn the direct transmission mode) or 10-minute
(in the memory mode) time interval, and serves as a reference point
for time code transmission initiation. In the subsequent 10 timer
channel scans, the 10 binary digits of the time code are read out.
The value "0" corresponds to 0 V, the value "1" corresponds to ~ 5 V.
At the next timer channel scan, the reference for end of time code -
transmission is read ocut, expressed by a voltage of ~ 5§ V. Between
such series of 12 scans, a voltage egual to zero is maintained in the

timer channel.
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A general scheme of the Proton data instrumentation and informa-

tion processing system is shown in Figure 2.

The ground-based telemetry recording magnetic tapes and infor-
mation on satellite flight control enter the system 1n the data col-

lection and processing center.

At the system output, the processing results appear in the form
of systematized documentation, which form the Data Bank of the given
cosmic experiment, and is destined for subsequent storage with re-
peated access to the data for analysis and scientific Interpretaticon

of the measurement wvalues.

We see from the schematic that the information material passes
through several processing stages. After systematization of the
materials and determining their characteristles, the data processing

proceeds in two directions:

1) summary re-recording from the magnetic types, which is used
for examination, preliminary analysis, manual prccessing using sim-
plified programs, and subsequent long-term storage; re-recording 1is
performed on special-purpcese computers and individual-channel paper
graphs of the voltages are generated; this re-recording is fast and

is performeda for all measurement seances;

2) frame-~by-frame processing of the data on general-purpose
digital ccmputers with output of the instrument indications and
navigation parameter values for each telemetry system scan point.
This processing 1s considerably more time-consuming, and is per-
formed conly for selected measurement seances. The cutput in tabular

form is bound into volumes, also subJect to long-term storage.
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The scientifie instrument telemetry indications had very little
statistical redundancy; therefore, it was necessary to process every
telemetry word. This circumstance in itself made it difficult to
perform the processing on specialized computers. The great varlety
and complexity of the algorithms which would have had to be realized

during processing excluded the possibility of constructing a complete|

processing system using special-purpose computers.

In order toc process the data on a general-purpose digital com-
puter (GPDC), it was necessary to prepare the data recorded on the
radiotelemetry system (RTS) magnetic tape, performing the following

steps:

1) input of the data recorded on the radiotelemetry system mag-
netic types to the GPDC;

2) localization and marking of synchronization dropouts and re-

storation of the standard telemetry frame structure;
3) compiling reference information tables;

4) representing the radiotelemetry data and additional informa-
tion 1n a formalized structure, input of these data to the GPDC
magnetic tape;

5) monitoring the quality of the data prepared for processing.

The data input to the GPDC from the magnetic tape was accom-
plished using the method for direct input of large data arrays re-
corded on magnetic tapes into GPDC which had been developed at the
Institute of 3Space Studies of the Academy of Sciences of the USSRH.
This method permitted data input fo the computer without any trans-
formation.
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Localization and marking of the synchronizaticn dropouts and re-
storaticn of the standard telemetry frame structure are necessary
for telemetry channel separation and time correlation of the data.
In restoring the structure, we used both a priori information on
radiotelemetry system frame standard structure and the statistical
characteristics of the data belng processed. Algorithms were devel-
oped which localized synchronizatlon dropouts of up to three tele-

metry words and detected and marked dropouts of longer durations.

In preparing the data, each array which could be processed in-
dependently — one second in the reproduce mode —— wWas provided in
the GPDC a table of reference information. This table, generated by
the computer, contained information on data quality, time and point
of reception, and locations of service marks necessary for subsequent
processing. The table also includes information used for automatic

tuning of the programs for subsequent processing.

After performing these steps, the data were recorded on the GFPDC
magnetilc tapes in formalized form (Figure 3). This means that the
data on the GPDC magnéticb /146
tape always has | the |

Data of single communicatlon searnce
standard structure, re- on GPDC magnetic tape

gardless of possible

radiotelemetry system mag- Data of]|

single second of

netic tape structure de-
communication seancd

viations as a conseguence

o 7 = o
of various interferences, Referencel| <Telemetry frames |
for example, because of Anformation /’ which have been -
. table] restored in stTucturg)

ropout or the appearance Telemetry channels!(words)
of redundant telemetry e 3/ Tt
words, aropout of data Localized dropout segments,
segments because of mag- marked by conventional dropout
code

netic tape breakages,
Figure 3. Structure of data on GPDC

and so on. The specific magnetic tape

characteristics of the
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given RTS (number of channels, location of service marks, number of
frames per second) are reflected only in the reference information
table,

Check of the guality of the data prepared for processing is ac-

complished using the a priori known form of the value distributlon

in the channels. Such channels were the RTS calibration channels and

all the channels with 8- and 16-~level structure of possible values.
Additional analysis of the quality of the data prepared for process-
ing was performed on the basis of a check printocut of the reference
infermation tables. All the steps of the preparation for processing
were performed on a Ural-11B GFDCjusing the system developed at the

Institute of Space Studies for input and preparation for processing

of information recorded on RTS magnetic tapes. The time expenditures

in this system, called the "Artur" system, for input and preparation

for processing of the data obtained during the time of a single com-

munication seance (approximately 1.5 million telemetry words) amounted

to two hours of Ural-11 GPDC time, and one man-day, for preparation

of the 1nitilal data and analysis of the results obtained.

selection of the seances for carrying out complete frame-by-
frame processing 1s made on the basis of several factor characteriz-
ing the seance and defermined in the systematization stage. Such
factors were: recording quality, rate of satellite rotation arcund
its center of mass, orientation of axis of rotation in relation to
the axes of the scientific instruments, position of interchangeable
filter in the SEZ-14| instrument, duration of satellite passage
through maghetic anomaly regions.

An informaticn ¢haracteristic, a sample of which is shown in

Figure 4, was prepared for each seance.
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Figure 4 (continued):

TM memory scan pericd General evaluation of Rotation nature
recording quality

T oin = §.45 - - sec 1 2 3 Y 5 Rotation from 3.5

min period £to 5.7 min
T - - 8.57 - - sec - Lo
max 5 — good, no dropouts fromsgég gginés
Tov 8.51 - - sec 4 — small number of -

dropouts, little
effect on results : :
3 — large number of Rotation type M
dropouts, con- :
siderable deteri-
oration of results

T = 600/n, where n is
number of scan points
between 10-min on-

board ID timing marks

A.— fast, <30

iod
(ehannel 801) 2 — practially unsuit- g‘iéﬁtsﬁfgglo
]
gble for process- points/pericd
~ne . x (index) —. axls cof
1l — no information

rotation eclose to
instrument longi-
tudinal axis

An evaluation ol seance quality (Period of Hx sign
variation close to

was made by the operator on the basis rotation half period)

of the summary graphs. The number of

missing frames during discrete inter-

vals —one second of reception — was determined, and a local evalua-
tion of each second was made using a 5-point system (shown in graph
form). An overall evaluation of the seance was also made using the

5-point system.

Orbital segments, iInvolving passage through an anomaly, were
determined from the inereased count rate of individual parameters.
The approximate rate of rotation around the center of mass and the
position of the rotaticn axls were determined from the magnetometer
indlecation graphs.

Such a characteristic accompanied the cutpuf documentation of

each seance, and served as reference material for determining data
validity.
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A special-purpose computer was used to re-record the telemetry
information from the RTS magnetic tape onto summary graphs. The sum-
mary graph may contain one, twc, or four tracks, on which the Infor-
mation from eight telemetry channels can be recorded. The general
arrangement of the summary graphs 1s determined prior to beginning
the summary re-recording. In so doing, the number of tracks on the
summary graph is selected with account for the reguired voltage

readout accuracy in each of the telemetry channels.

The requirements on timewlse resolution determine the re-record-
ing tape drive speed. It is desirable to configure the graphs so
that the channels belonging to a single measurement program will be
on the same summary graph. It is convenlent to locate the channels
serviecing events between which there is a simple logleal connection
on the same summary graph. The necessity for calibration voltage
(0 | and 100%) recording is indicated for each of the channels.

A sample summary graph 1s shown in Figure 5. It contains four
tracks, on each cf which the information cof a single telemetry chan-
nel is recorded. The channel number is located below the lower track
oppesite the channel marker. Reccrding of the information of each
channel 1is accompanied by recording of the calibration voltages.
Humbered vertical marks are placed at the end of each information
reception section. Second marks of the Master Time Service are also

recorded on the graph.

The use of the special-purpose computer ensures high reliability
of fhe summary re-recording procesgs. This makes 1t possible to use
the summary graphs to monitor each computer information processing
stage. The avallabillity of the summary recording makes it possgible
to process the information manually using simplified programs, and

make a rapid qualitative evalutatiocn of the infoermation.
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Figure 5. ©Scientific equlpment parameter summary graph

5._ Time_Correlation_of Informgtion
Time correlation of the instrument indications obtained —

determination of the second measurement coordinate — had two purposes.

The first purpose was introduction of an arbitrary time scale
for numbering the measurements, in order to compare the indications
of the various channels with one another (relative scale). For exam-
ple, the generation of tables with the instrument indications was
carried out in arbitrary time units: seance number, second number,
frame number in given second. These units were determined by the
recording structure.

The second purpose was the use of an absclute time scale, for
example, Moscow time (date, hour, minute, second), for sequential

calculation of satellite location in orbit at the measurement times.

197



o . o men R L t

v 0
188 140 180 164 170 "480 19D 30D 200 22u 230 240 2BG 260 270 190 2060 300 3G I 339 340 3%0 ¢ 0 29 IO 40 6O €0 7O 60 od 10D MO L

. o
M FS S ST I A 2
SRR e RN E NP AR A dRm]
L pry = =] AN h 095 )
c,r. I e =2 9 Al W 35829 i 1
Com jg - . ‘? s A J_J‘ ] ﬂ DLELHETH i
o0 . P | 4-5'! (s — 4
e INEEANEENIREI TN S Wam A TIMaTy:
4 - - \%\ »11 ,/f » RATY—L ? 11h55 M9
e = b N L~
R REEEANEN \ bR
T 1S9 N1 / é\\/h
o 7 “\L; PR - 1 hMmﬂls N \ o Kf
C R R N AT ( py 211 gy 55 8
BN 7R SR 7 . NI 4
Y e 1IN 1104 M 475 5/ T u
“© Moty h ) \ - -
_,., L7‘A 10 qi‘-u‘ T ‘M"}i? y"" bY 2 - - I-!nn
50 Py ! \ T b - 1
GO % L]
_ 17 ' L
" A Laoo |
y | 700 ‘.
80
s 800
A N . 400
n | et — L o
<> ) 00
l(”‘_=
o 1

30 140 180 180 170 180 190 900 JHG 420 930 240 950 760 370 200¢030 300 310 320 £30 940 350 O M0 20 0 40 40 80 TO 80 DO G0 110
- .3 o !

Figure 6. Map of AES geodesic coordinates and flight
altitudes

This time was also calculated for each telemetry frame scan, and was
presented 1n the tables, together with the other navigational para-
meters.

Figure 6 shows a map of the gecgraphical coordinates and satel-
lite flight altitudes with the arbitrary and absolute time scale
noted. The Indications of the onboard timer, which generates a
marker signal each minute (or every 10 minutes), which is recorded by
the telemetry system, are used to convert from one scale to the other.
The timer indications are also recorded in the form of coded markers
in the direct data transmission mode, which makes it possible to
determine the time of their occecurrence on the master time scale (MTS}),

which 1s shown on all the ground-based recording materials.
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Calibration tables, prepared for each recording seance (Flgure
7), were used to convert the telemetry channel digital codes to step

numbers (level numbers). |

Groups of channels having the same o, 2 =
=

nature of their variation are formed on the Ly 2 ool om

. ; T o I
basis of the known parameter distributiocn .MW:,'zzzf - 257
in the telemetry system channels. For each wk ==é =R
group, we examine the code values in all pral izj }
the channels in each scan frame and deter- i BB =7
mine the number of measurements taking the e ‘

- 22/ i

given code value. The resulting distribu- L = mI
tion funeticns are printed out, and from : ’
them the operator specifies the "larger- Figure 7. '"Tables"
smaller" tables for determining the level for determining level /151

number
number. The code values which do not fit

into any of the specified tables are de-

fined as erroneous values. After conversion intce level numbers, the
scientific instrument indications are formed into a new frame, where
4 binary units are assigned to each channel (0 - 7 1s the level num-

ber, 8 is the error symbol).

Output of the instrument indications was accomplished in the
form of Ural-1l1l alphanumerical printer tables (Table 3), combined
inte a bound veolume. The tables contained information cobtained at
various processing stages. Both the level numbers for each channel
and the number of parameter conversions per single scan period, which

is determinedfromﬁhe level numbers, were generated.
The framewlse data structure was maintained at all the process-

ing stages. Either the instrument indication or the absence of in-

formation — the dropout symbol — was indicated for each scan frame.
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The dropouts are differentiated on the basis of the stage of their

appearance, for example:

1) structural drcopouts of telemetry recording, detected by the

"Artur" input system, usually framewise or secondwise;

2) frequent channelwise dropouts, detected upon conversion to

level numbers using the given tables;

3) other dropouts, detected by checking the instrument counting

cirecuit triggering logic.

The data output was accomplished without omission of the dropout
segments. Although this increased the printout volume, 1t alsc faci-
litated considerably the data readout and search, since it permitted

considering the vertical table measurement directly as a time scale.

The availability of the navigational data makes it possible to
break the entire experiment time down into segments corresponding to
different measurement conditions. In this case, the measurement /154
condltions Tfor different event forms will be characterized by different
sets of navligation parameters. For example, the zenith angle will be
of essential importance for instruments having recording directivity,
but will not enter into the measurement condition characteristic for
the instruments neot having directivity: the direction of the axis in
the absolute coordinate system 1s essential for instruments record-
ing the electromagnetle radiation, but is not important for instru-

ments recording charged particles, etc.

Knowledge of the measurement conditions in each ftelemetry scan
frame makes it possible fo find the dependence of the characteristics
of the events belng recorded on each of these conditions. In order

to construct these relations, it 1s necessary to take varlous samples
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from the scientific information processing results. We first formu-
late tables of the time intervals, characterized by the required
navigational parameter values. Table 4 1s presented as an example.
It contains, for several seconds of the seance, a listing of the num-
bers of the telemetry scan frames 1n which the values of the zenith

angle o and magnetic rigidity P lie in the specified intervals.

Then we calculate the number of events, for which me must find
the dependence on the indicated parameters in the scan frames, char-
acterized by the given values al + Aa and P + AP. We determine the
average cvent rate and the mean-square error. The set of such values
for different values of a and P makes it possible to construct the
dependence of the various event rates on the zenith angle and mag-
netic reigidity. Sampling with respect to the other navigational

parameters is performed similarly.

We should point out that the operation described above is pos-
slble only when the variation of the navigation parameter value dur-
ing the telemetry scan frame is noticeably less than the magnitude
of the selected parameter value interval. Thils leads to a situation
in which part of the measurement time, characterized by high satel-
lite rotation rates around the center of mass, is not suitable for
processing the scientific equipment indications with account for

orientation.

The availability of the navigation data was of decisive import-
ance in processing several measurement programs. For example, ac-
guiring informaticn on the primary gamma gquanta fluxes using the GG-1
Instrument was Impossible, in principle, without knowledge of the in-
strument axis orientation. The results obtained when processing the
scientific information, together with the navigation data, are
presented.in [5 - 13].
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TABLE 4. FROTON 2. MIBASUREMENT SEANCE ON
y4*? ORBIT. INTERVAL P = 6 - 10 BV
Intervalje :
. o | = s | 2| =
0=-20{20—4040—60/60~30 25y 1 1 1|1
secr\ =4 8 o 2
71 3,4 |39—42
310 {11—15] 32,23
= 30,31
79 ‘2432 | 8—13
-y
80 35--37] 7—i2, -
. 3034
a1 o1,22| 19,20 |16—18] 14,15 | 9~13
| {32—38
& 45| 1—3 | 8—o |1o—11| 13—14 \
7 67| -
28,99 [10—14
87 30—33
/ 1927 |14—18
94 28—38
g8 a1,22 h5—20| 43
' 11—150 310
102 : 16—25
-~
109 9533
110 8—9 | 1-7
13 24 | 5—6
17 7—07
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Processing of the sclentific information with account for orlen-
tation can be accomplished only for that portion of the flight time
which satisfies the requirements of low satellite rotation velocities
and good quality of the magnetometer information. Hence follows the
requirement for having measurement programs and processing methods /156
which permit obtalning results without knowledge of the instrument
orientation. For this purpose, either the recorded parameters must
be insensitive to instrument orientation, or the processing must be
performed over sufficiently long measurement times to ensure good
averaging of the measurement conditions. The first of these require-
ments is satisfied by the measurement programs using ncndirectional
instruments, for example, the program for measuring the all-particle ed%
ergy spectrum using the SEZ-14 instrument calorimeter. An example of satis-
faction of the second condition 1s processing of the primary cosmic
ray proton spectrum measurement using the SEZ-14 instrument. The
instrument records protons directionally, and the proton count rate
depends on the degree of instrument aperture shading by the Earth,
but, as a conseguence of random satellite rotation, for long measure-
ment times we can use an average shading coefficient equal to w/4m,
where w is the average shadow cone sclid angle.

Processing without account for orientation does not require
knowledge of the number of events in each scan frame; therefore, in
processing scilentific information, it is sufficient, as a rule, to
know the number of events per machine second (42 - 43 scan frames).
Such processing, not requiring exact correlation of the information
with the scan frame number, can be performed manually using the sum-
mary graphs. In the automated processing case, the sums of the

events per second are generated at the end of each machine second.
In the case of processing without knowlng the orientation, 1t

is still possible to determlne roughly the event count rate depend-

ence on instrument orientation. To this end, we utllize information
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having very clear-cut dependence on the orientation. An example is
the recording of high-energy protons by the SEZ-14 instrument with
directional detector aboard the Proton 3 AES. Figure 8 shows the
counting rate of sueh events as a function of time. The ordinate is
the number of events per machine second, the abscissa 1s the machilne
second number. The observed modulation is caused by instrument aper-
ture shading by the Earth. Seconds with zero number of counts cor-
respond to practially ccmplete shading of the aperture. The maxima
located between the

segments with zero R B ! . , L

count rate correspond gy PhufiﬂﬁDD,ECIESeance in orbit)|
o ' ' St 1

to the absence of I-\ . : o 1 - 5’ o

shading. It is pos- b '

gible to compile a ¢k i o

iisting of seconds ;

with zero and com- . . -~

ﬂ ~ 1 Bt 1 il 'l.

piete shading, and use . 27 /7N V4 g7 /7 | Machine

: "sec no.

this listing to pro-
Figure 8. " Count rate as function of

ious measure-—
cegs var t1me

ment programs.

Recording of the charged particles with minimal energy 100 -
400 MeV by the SEZ-1 (Proton 2) and DD (Proton 3) instruments made
it possible to break measurement time down roughly into segments
corresponding to the different geomagnetic latitudes. This then]

permitted construction of curves of various event count rates as |

functions of geomagnetic latitude.|

IIT. Processing Magnetometer Information and

Determining Orientation of "Proton"
Satellite

Interpretation of the indications of the scientific equipment
installed aboard the Proton satellite requirez knowledge of instru-
ment orientation in space, the angles which the instrument axes make
with the direction to the Earth, and with the Earth's magnetic field
intensity vector. For their calculation, it is sufficient to know
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the position of the coordinate system fixed with the satellite (and
in which the position of the instrument axes is known) relative to
the coordinate system in which the physical guantities of interest

to us are calculated.

Finding the relative position of these coordinate systems is the
task of satellite orientation determination. The indications of
magnetometers installed aboard the satellite are used in determining
AES rotation and orientation. Since the measurements are made with
errors, the statistical approach is the natural one Tor determination
of satellite orientation and rotation. Moreover, the measurement
information available at each fixed moment of time does not permit
determining satellite orientation; therefore, i1t 1s necessary to use
additional information on the ﬁature of AES rotation around its cen-
ter of mass, i.e., the mathematical model of the moticen, containing
the unknown parameters, is specifled. Then the problem of rotation
and orientation determination reduces %o finding the unknown para-

meters from the available information.

The mathematical model of the motion was taken in differential
equation form. 1In this case, the unknown parameters are the initial
values. They were determined by the least squares method. The tech-
nigue for determining artificial satellite orientation using a given
system of measurements was presented in detail in [14, 15]. The /158
results of application of this technique to the Proton 2 satellite
are described in [16]. Individual aspects of the problem are also
discussed in [17]. The experimentally determined dynamic effects in
Proton 2 satellite rotation and orientation are analyzed in [18, 197.
This analysis made 1t possible to draw definite conelusions on the
nature of the interactlon of the aerodynamic flow with the satellite.
Several questions discussed in [14 - 19] are described in more detail

in the collection of papers [20].
1. Froblem Formulation

We Introduce three coordinate systems:
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1) the absolute geocentric coordinate system with X axis, di-
rected toward the vernal equinox polnt, the Z axls directed along the
Earth's rotation axis, and the Y axis completing the right hand

System;

2) the Koenig axis system wilth origin at the satellite center of

mass, thelaxes are colinear to the axes of the preceding system;

3) the body coordinate system with origin at the satellite cen-
ter of mass and axes directed along its principal central axes of

inertia.

We examine the vehicle center-of-mass motion In the absolute
coordinate system, which is completely defined by its radius vector
RIX,Y,a'and velocity vector V (Vi Vy, Vz}, and the satellite motion
around 1ts center of mass, which is the rotation of the body coordi-
nate system relative to the Kecenig system. We shall describe the
motion arcund the center of mass by the kinetic moment vector
L (L Ly, La)l in the Koenig axis system and the Rodrigues-Hamllton para-
meters kg, Ay, Ag, Ags

1t is assumed that the center-of-mass motion is known, and is
independent of the motion around the center of mass. We examine only
those segments of|the satellite center-of-mass motion trajectory on
which the disturbling moments of the external forces are small and
have no significant effect on the motlon around the center of mass.
Analysis of the distrubances acting on the Proton satellite showed
that dnly small vicinities of the perigee, where the aerocdynamic
moment influence 1s large, do not belecng to such segments. Then the
motion around the center of mass is described by the system of dif-

ferential equations:

CdL ’ o |
- ZF=0, S B ' | (1.1)
a1 Codg
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where o = mA-1mL' is the angular velocity vector, A'l is a diagocnal
matrix of dimension 3 x 3 with elements l/4, 1/B, yC| (A, B, C|

are the principal central moments of inertia), i = {A;, Ry A}

AHM—A =2 2(hehy+ AR, 2 (— Aok, + AR5 1
m={ 2(—hh+1A) A+ -AT-2 20+ Rhy) .
2 (hohy -+ 1113) 2(— 2ok + AA5) 7'.(2) + 3.% — ?\.rf — 13 ‘

1s the conversion matrix from the Koenig axes to the body coordinate

system; m' is the transposed matrix.

The cholece ¢f components of the kinetic moment vector L and the
Rodrigues-Hamilton parameters as the variables characterizing the
motion is explained by the fact that they permit aveoiding the singu-
larity characteristic of the angular variables. The system of equa-
tions of motion written in these variables, while having the same
simplicity as the Poisson equation system (containing only algebraic
operations), at the same time has lower order, which is essential

for processing tasks.

Since the System (1.1) - (1.2) is known, the motion around the
center of mass is determined uniquely by specifying the initial
values L, L5, £3,23,45,28' at the moment of time to. It is known that

the Rodrigues-Hamllton parameters are connected by the relation
3 .
Fr=1,
" =D .

which is used to find

~ i
A=y T2 2 a8 |

We denote the ensemble of these parameters by

Then the proolem of finding the motion around the center of mass re-

duces to finding the unknown Q-parameters. For its solution at the
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moment of time ti, we measure the functlons wi of the motlion para-

meters Qk

C=hi(L(Q), A, 4). |

We denote the measured values of the functlons ¥, by Ei”

2. Solution Method

Assuming that the measurement errors are random, we use the
least squares method to solve the posed problem. In accord with this
method, the parameters Q are determined from the condition of mini-

mum of the function
(2.1)

where g = i, (Q) —<¢,>| are the discrepancles, and 021 — the variance

of the measurement errors. The sought parameters Q, for which the
minimum of & (Q) is reached, must satisfy the system of nonlinear

equations

oD
aqQy

= 3 ;’g;;t_:q., :! (2.2)

Iz

1
7
9

~

T

The solution of {(2.2) is made by the 1teration method: starting
from the known zero approximation @Y, we construct the successive
approximation algorithm Q= QG5-14-38Q®| (S is the iteration number),
which 1s a modification of the algorithm described in [21]. In each
iteration, we calculate the "Newtonian" corrections 9Qa, satisfying
the system of normal equations:

AB— 50\ —pE—1 ST
. N ¥ N . . . .
ST A, BB,

- L oy _ow
A ; 1)
= A ]

BIS—|)= 1 b E
) 'E"%-a’ iQ(s—n

(2.3)

- — - _
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We shall consider a measurement set such that the problem has
a unique solution. Then we find from (2.3}, 8Qu=—[AS—D}-1Bts—1{, since
det A5-1-£0.; We seek the correction 8@ in the formsQ® =8QY), where

O is the iteration step, subject to determination. To ensure mono-

tonic convergence of the process, we must select o in optimal
fashion.

The algorithm for selecting o is based on approximating the

function ®()ibeing minimized along the direction 8Qu by a cubic
parabola 1in o .

The vero approximation QD to the values of the sought parameters,
which 1s necessary for the iteration process, 1s feund with the aild
of the algorithm described in [15].

In order to form the normal Equations (2.3), 1t 1s necessary to

know at the measurement time ti the calculated values of the func-

tions ¥ [L(Q), A(Q), % (Q]] being measured, and the derivatives of the
calculated values of the measurements with respect to the parameters
being determined dedet The derivatives are calculated from the

formula

3 ' :
p, . dp: IL; o A
30 = &L, 9 + 4" 30

= ="

(2.4)

where di/fdL,| and dy/dr| can be calculated expllicitly, since the form
of the function P,y (L, &, o), is ¥known.

The quantities E}L.Kﬂ and derivatives dL/dQw, M/dQu |necessary for cal-|
culating ¥, and dp/dQ, are found as a result of combined Integration /161
of Equations (1.1) and (1.2), and the corresponding system of varia-

‘tional equations, which may be written as follows:

D
o =Dk | (2.5)

where D is the matrix of derivatives of the variables L, A A wlith re-
spect to the parameters Qk of dimension nx7; P is the matrix of

210



derivatives of the right sides of (1.1) - (1.2} with respect to the

variables L, % M| of dimension 7 % 7.

Three-component maghnetometers from which indications are taken

at the successive moments of time ti of the projections of the

Earth's magnetic field intensity vector along the magnetometer axes,
rigidly connected with the satellite, are installed aboard the FProton
satellites in order to determine the orientation. In this case, we

took the following as the measured functions wi:
= (m (Qu ) H(E), 1), (3.1)

where H (ti) is the veetor of the Earth's magnetlic field intensity
at the moment t, in the absolute coordinate system, il is the unit

vector directed aleng the maghetometer axis corresponding to the

measurement being made.

In order to calculate the Vector~H'(ti), we used its expansion /162

into a serles of Legendre functions [22]. The coefficients of the
expansion were taken
from [23]. The vehlecle
coordinates necessary

for determining H (ti)

were calculated using
the formulas presented
in {21].

opecimens of the
magnetometer indica-

tlons, specifically the

record of the positive s £ /z /¢ © ¢ ¢min

component along the
Fligure 9. Speclimens of magnetograms

longitudinal axis from Proton 2 satellite
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(+ Hx) of the Proton 2 satellite, are shown in Figure g, and corre-
spond to the characteristic regimes of satellite rotation arcund 1its
center of mass. Figure 9c corresponds to a regime close to vehicle
spin|/around the longitudinal axis. Filgure Ja corresponds te a re-
gime close to spin about the transverse axis. In case Qa, the angu-
lar velocity of rotation is considerably larger than in case 9b,
which is intermediate between 9a and 9c. The reliability of orienta-
tion determination algorithm operation and the accuracy of the re-
sults obtained depend significantly on the guality of the raw infor-
mation, on the form and magnitude of the errors present 1n this

information.

The quality of the magnetometric information was checked by
comparing the modulus of the calculated and measured Earth's magnhetic
field intensity vector, which made it possible to determine the er-
rors in time correlation of the information and find the dropout

segments.

4, Results of Proton 2 Satellite Orientation

Mass processing of the informatlon on Proton satellite orienta-
tion was performed using the described technique at SOMI of the
Academy of Sciences of the USSR (A. ¥F. Sidorov, I. A. Buterina, S. A.

Sarapkina). The processlng results are navigational data tables.

For the Proton 2 satellife, these tables contained: time fto
which the navigation data are referred; two angles {(a, ) defining
instrument axis position in the coordinate system fixed with the
iocal vertical; number of the instrument axis location zone as a
function of the anglie o (the entire range of values of the angle a
of the instrument with the local vertical is broken down into several
zones); two angles defining instrument axis position in the abso-
lute coordinate system; two angles defining the instrument axis in
position in the coordinate system fixed with the magnetic force line;

the magnetic rigidity PH’ which depends on orientation; crbital data:
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satellite latitude and longltude; and Earth's magnetic field inten-
sity (Tables 5 and 6).

TABLE 5. NAVIGATION DATA AS FUNCTION OF
SCAN POINTS
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As an example, Figure 10 shows the values obtained for PH and
the angles « and Y on the 52nd orbit of the Proton 2 satellite.
Table 7 and Figure 11 given an idea of the orientation determination

accuracy [20]. The notaticns in Table 7 and Figure 11 are: Pa is
the confidence level (with probability no less than Pu’ the error in

determining the parameters deoes not exceed the values shown in Table
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TABLE 6.

e

NOTATIONS IN NAVIGATICN DATA TABLES

Measurement time

Instrument orlientation in space

sec

‘Point

no.

Time,
hr,
min,
sec

No. crbit in
which stored
Information
was repro-
duced

MNo. of repro-

duction sec-
ond interval

Seguential
no. of scan
point in
given second
interval

Measurement

time
(Mcscow)

AES position in

orbit

360°
Zone

+ 90°

o Angle of instru-
ment longltudlinal
axis with verti-
cal (with direc-
fion from center
of Earth), 0-180°

e Angle between
projections of 1n-
strument longl-
tudinal axis on horizontal plane
and direction to the East, 0 -

Zones of Instru-
no. | ment axis posi-
tlen with respect
to angle

l— 0%=~42° B— 80°—}15°
2—42°~=53" f—-115°—138°
3=—53°—64° T—-13B°—154°
4—=54°=80" §—154°—180°

g° Angles deter-
mining position
of Instrument
longltudlinal axis
in absolute co-
ordlnate system

@ |0 - 360°

1\
§§§ if?i:
H, gamma - 101
(read as 47500)

Vertical

13&5 _ ]
read as [13.45)

f

from

Direction to vernal
equinox point

(Figure continued on following page)

Physical parameters

Value of magnetlic fleld in-
tensity 1s determined from
geomagnetlc field data
IZMIRAN for 1964

Geomagnetlc cutoff thresh-
0ld rigidity 1s calculated
wlth account for vehlcle
orientation, geographilc

and altitude from
the formula Py = Po/r?,

where r is satelllte dis-
tance from center of Earth,
referred to Earth's radius;
Po, magnetic rigidity at
surface of Egrth in direc-
tion of axis (for given an-
gles a, Y¥) at geomagnetic
latitude ¢p. is determined

position,

Py = Py yert =

1
4 {1 4+ (1 —sin & cos 1 cos? tpg}”-
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TABLE 6. {(continued)

Measurement time

instrument orientation in space

Physlcal parameters

H, km

I
deg

deg

¥

Satelllte
ht. above
Earth's
surface

Geographic
longitude
0 - 360°

XO

EO

Angle between
direction of
Instrument axls
and magnetic
force line,

0 - 180°

Angle between projectlion of instru-
ment axis on plane perpendlcular

to the magnetic field intensity
vector and line of intersection of
this plane with horizontal plane,

0 - 360°

where P magnetic

0 vert”’
rigidity along the vertical
at Earth's surface, 1s

found from the Qwenby-Wenk
tables; ¢m’ the geomaghnetic

latitude 1s calculated from
€OS Py =
P
= [lm-ﬁ(sin $cosI1°—
12
=— COS @ 8in A* sin ll°)] .

where a*=3—21° and R=r240,0499¢4

+r-0,1413(cos ¢-sin A*-cos11°—singx
Xsinll?)



TABLE 7.

ACCURACY OQF ANGLE A AND ANGULAR

VELOCITY Aw/w DETERMINATION¥

_ . T = 15 = 20 min,
T = 10 min or more
Poor Typical Poor Typical
informa- | informa-{ informa- informa-
tion tion tion tion
% = ¥ = ¥ = ¥ -
of °q | °"H
3500 1850 3800 2200
Zamma, gamma, ‘gamma gamma
A~e15° A3 A5 A3
Awjo~0,5% | Aw/w~0,3% | Aw/w~0,2% | Av/eo~0,1
“ A~eBP A8 Are2P A<
Ao/o~0,4% | Aw/w~0,2% | Ao/w~D0,1% | Aw/o~0,05% 3

*
Translator's note:
points.

Commas represent decimal

I 74 PO ' ) : ‘
ek ‘ dmz.deg|
Jgo A A . ~
AN ?ﬁﬂ” ¢ G=0,995
R 4 P
L0y 00 | /2
W77 SR &
CX4 i % : «
Al 1"’1\N| 1 I?Y 1| ¥
. /7 i 7 g2 27 25 7 L ! ! !
: - i g o 7 i fsec)
Figure 10, Variations of navigation para- Figure 11. Accuracy

of orientation deter-

mination as functlon

of processed interval
length

meters (from data of statistical process-
ing of Proton 2 satellite information)

One division along abscissa axls corre-
sponds to time interval 6.2 minutes

7), A 1s the angle determination error; Aw/w is the relative angular
velocity determination error; Uﬁ is the mean-sguare measurement

error; T is the duration of the flight segment from which the simul-
taneously processed information was taken. Most typical are the
numbers in the last column of Table Y. The accuracy improves with

increase of the processed interval length.
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Figure 12. Variation of Proton 2
satellite kinetic moment vector

modulus L and rotation energy n
from statistical processing data

Figure 13. Trajectory of
Proton 2 satellite kinetic
moment vector in space (from
statistical processing data)

Some results of determination
of the orientation and rotation of _
the Proton 2 satellite in the flrat few dozen orblts are shown in
Figure 12 and 13. These results make 1t possible to represent com-
pletely the nature of Proton 2 satellite rotation evolution during
the indicatéd time interval. In Flgure 12, the absciszsa 1s the num-
ber N of orbits, the ordinate is the mégﬁitude of the kinetic moment
L and the dimensiocnless kinetlic energy B of rotation of the Proton
2 satellite. We observe deep long-period modulation of these quanti-
ties. L varies from 115 kgf - m - sec to ~ 10 - 20 kgf + m - sec, /164
i.e., by a factor of 5 - 10. The quantilty L determines the angular
velocity of rotation, which, therefore, also changes several fold.
The quantity £ determines the satellite rotation regime. For % L
"tumbling" (rotation around the transverse axis) of the satellite
takes place. This stage lasts for several dozen orbits; the angular
velocity (or L) is maximal in this case. Then there is rapid (4 - 5
orbits) transition to the axial rotation regime (H ~ 0) (at the mid-
peint of the transition segment the angular veloccity 1s minimal);
the satellite travels for several dozen orbits in the axial rotation
regime (ﬁ ~v 0), again with maximal angular velocity, and then agaln
transitions raplidly to the tumbling regime, and so on. Synchroncusly /16

with these long-period oscillations, there 1s also long-period change
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of the position of the kinetic moment vector L in space (Figure 13).

The figure shows the trajectory of L in space with orbit numbers

along the trajectory; p is the angular distance of L from the North

Pole of the world; ¢ 1s the latitude of L, measured from the vernal
equinox point (0% = 0°). We see that L describes loops with broad /166
amplitude (loop span 1s ~ 180°), and periodically passes in the vici-

nity of the world poles (alternately through the North and South

Poles).

The experimentally discovered evelutionary effects in the motion
of the Proton 2 satellite around 1its center of mass have a specific,
previously unstudied nature. It was shown in [20 - 22] that these
effects are caused by the aerodynamic flow influence on the solar
battery paddles mounted skew-symmetrically on the satellite. A pro-
pellering aerodynamic moment is created, which spins the satellite
like the windmill arms. In combination with the satellite crienta-
tion change relative to this flow, this creates the discovered long-
period angular velocity modulations and nature of the rotaticn (axial
spin or tumbling). Torgues of any other nature cannot create such
effects 1n the evolution of satellite motion around its center of
mass (24]. Therefore, the observed propellering effects are easily
distinguished from other effects.

On the cother hand, it was found [19] that the propellering
effects are sensitlve to the nature of stream molecule reflection
from the satellite surface. This makes it possible to evaluate the
nature of molecular reflection on the basis of experimental data on
Proton 2 satellite motion evolution around its|center of mass. To
date, very little 1s known conecerning the real nature of molecular
flow interaction with a satellite under cosmic conditions, yet the
entire aerodynamics of the satellite depend on thils interaction.
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Therefore, determination of the reflection parameters is of con-

siderable interest.

It was suggested in [19] that the reflection is purely diffu-
sive with symmetric (relative to the normal to an elementary area)
molecular scattering diagram. Then ambiguity in the nature of the
reflection reduces to ignorance of only a single parameter — the

probability mean reflection velocity Cr‘ It was shown that the ex-

perimental data on Proton 2 satellite orientation evolution lead to

the value CP ~ 70 m/sec, or Cr/v ~ 10_2, where v is the ineident flow

veloclity. Thus, the nature of the reflection was very close to ab-
solutely inelastic impact. However, this conclusion 1s subject to

refinement by introducing more complex molecule scatftering models.

The described technique makes it possible to determine reliably
and with adequate accuracy the orientaticn of artificial satellites
for different types of motion. The technlgue works even in the case
of low accuracy and incomplete information measurement complex, and
also with a poor zero approximation. This indicates high reliability
of the method. The technique is quite universal, and is applicable
for determining the orientation of a broad class of satellites. It
makes 1t possible to predict motion with definite accuracy on seg-
ments without instrumental information, and also makes it possible
to determine the distfurbances acting on the satellite. Processing
by this technique c¢f information from the Proton 2 satellite (more
than 200 flight time orbits) made i1t possible to generate the series
of navigaticn data for interpreting the indications of the sclenti-
fic equipment installed aboard the satellife, and also made it pos-
sible to discover new dynamic effects in satellite crientation
evolution and draw definite concluslons on the nature of aerodynamic

flow interaction with the satellite.
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Conclusion

The described techniques for processing Proton AES scientific
information made it possible to automate the data reductlon process
to a considerable degree and obtain the scientific measurements
results rapldiy.

The systematic development of the described system took place
in 1965 - 1968, practically simultaneously with the data reduction.
The introduction of computer programs was carried out gradually, as
the algorithms were worked out. Thus, in the initial stage, the
Ural-1ll general-purpose computer was used only for loglc processing
and generation of the instrument indicatlons. Data input to the
general-purpose compubter was accomplished using punched cards, pre-
pared manuslly from Intermediate materials obtained from the special-
purpose computers. By the time automatic data 1lnput development was
completed, the programs for logic processing of the instrument indi-
cations had already been tested repeatedly on a large number of
seances, and the only thing reguired was to mate them with the input

program,

The described technique can be used for processing the scienti-
fic information of other space vehicles. In so dolng, it 18 neces-
sary to consider that the processing system preparation process is
very tedious, and preparation must be initliated as early as possible,
no later than the satellite production design stage. The deslign of
the sclentific measurements aboard satellites must take into con-
sideration the possibility of automated information processing.

The development of optimal facilities for compressing and selecting
sclentific information on board satellltes 1s an urgent problem at

the present time.
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Abstracts

UDC 537.591]

Prospects for Studying High-Energy Cosmic Ray Particles Aboard Heavy
AES. N. L. Grigorov.

We examine the fundamental questions of the technlque for study-
ing superhigh-energy cosmic ray particles (energy interval 1010 -

1015 eV) and show that such particles can be observed and studied by
direct methods with satisfactory statistical wvalidity only beyond the
1imits of the Earth's atmosphere, using heavy artifieial Earth satel-
lites. With the alid of results obtained aboard the Proton 1, 2, 3
AES, we examine specific¢ problems of high-energy particle physies and
cosmic ray physics. We discuss some ways to study experimentally

the subject problems using heavy AES.

UDC 537.591

Measurement of Effective Inelastic Interaction Sections of Proton
with Carbon and Hydrocgen Nuclel in the Energy Interval 20 - 600 GeV
Aboard Proton 1, 2, 3 Space Stations. N. L. Grigorov, V. Ye. Nes-
terov, I. D. Rapoport, I. A. Savenko and G. A. Skuridin.

The values of O;?C in the energy interval 20 - 600 GeV have
been measured aboard the Proton 1, 2, 3 AES utilizing primary cosmic
ray protons with accuracy from 2 to 4.5%. The measured O;EC value
increases by 20 + 5% with energy increase from 20 to 200 GeV. The
values of Oéfp are obtained with errors from 8 to 20% by a difference
method using polyethylene and carbon targets. The resulting energy
dependence of U;Ep does not contradict the same section growth ob-

tained for U;EC in the same energy interval. Analysis of the wvarious
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systematic and physical effects influencing the measured sectlon
magnitude showed that these effects cannot explain the observed
sectlon increase.

UDC 537.591

Energetic Distribution of Primary Cosmic Ray Particles 1n the 10lO -
lOlLl Energy Interval Measured Aboard Proton 1, 2, 3, Space Stations.
N. L. Grigorov, V. Ye. Nesterov, I. D. Rapoport, I. A. Savenko and
G. A. Skuridin.

The energy spectrum of all primary cosmiec ray partiecles in the

10 _ lOlu eV, and the energy spectrum of protons in

the energy interval lolu - 10l eV, have been measured aboard the

Proton 1, 2, 3 AES. The measured all-particle spectrum 1s a power-
law spectrum over the entire energy interval. The proton energy spec-—

trum becomes steeper at energies cof 1012 - lO13 eV. The calculated
nucleon spectra at various atmospheric depths based on the primary
cosmic ray spectra obtalned aboard the Proton AES agree with the
gamma-ray, neutren, and auclear-active particle spectra measured at
the same atmospheric depths.

energy interval 10

UDC 537.591

Apparatus for Studylng Cosmic Rays Aboard the Proton 4 Scilentific
Station. N. L. Grigorov, 1. D. Rapoport, I. A. Savenko, L. F. Kalln-
kin. and G. P. Kakhidze.

A detailed systematic description 1s given of an experiment
studying high-energy primary cosmlc radiation undertaken aboard the
Proton U4 scientifie space station. The instrument for recording par-

ticles with energles A& 1071 eV contained an ionization calorimeter

with lead and iron absorber with overall thickness equal fto about 7.5
nuclear interaction ranges, two large-area Cherenkov detectors for
determining particle charges, carbon and polyethylene targets, and a
nuclear interaction detector. Wlth the aid of this eguipment, we

studied the energy and charge spectra of particles up to 1015 eV and
measured the effective inelastic interaction section of protons wlth
light and heavy nuclei. Two other insftruments were used to record
the electron component and seek fractionally charged particles.
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UDC 537.591

Calibration of the SEZ-14 Instrument Installed Aboard Proton 1, 2, 3
Cosmic Stations on ITEP [Institute of Theoretical and Experimental
Physics) Synchrotron. V. V. Akimov, B. 3. Borisov, G. V. Veselova,
L. L. Gol'din, L. N. Kondrat'yev, V. Ye. Nesterov, I. D. Rapoport

N. G. Ryabova and G. K. Tumanov.

#

Results are presented of calibration of the SEZ-14  instrument
used aboard the Protoh AES for measuring 0;?0 and U;Ep at energles
20 - 600 GeV, and also for measuring the primary cosmic ray energy
spectra on the ITEP synchrotron at proton energy 5 GeV. With proton
entry into the instrument from the "exlt window" side at energy 5
GeV, the measured value of cg?c = 204 + 6 mb, which is 8 + 6% less
than the G;EC value measured at energy 21.5 GeV on a particle accel-
erator. With entry of the protons into the instrument from the op-
posite side, the measured section becomes 167 + 10 mb, i.e., the
value decreases by 18%. In this case, the counting rate decreases
by a factor of four. On the basis of the data obtained, we can con-

clude that when measuring U;EC aboard a satellite at energy 5 GeV,

particle entry into the instrument from the back would reduce the
measured section by 4% in comparison with the value measured for
particle entry from the "entrance window" side.

UDC 537.591

Study of High-Energy Electrons in Near-Earth Cosmic Space Aboard
Proton 1 and 2 AES. N. L. Grigorov, L. F. Kalinkin, E. I. Kogan-
Laskina and I. A. Savenko.

Results are presented of measurements of the electron energy
spectrum in the energy interval 20 MeV fo 5 GeV and the distribution
with respect to zenith angle of electrons with energies above 500
MeV, performed aboard the Proton 2 sclentific space station., The
data of several studies of properties of the "excess radiation"” ob-

served in the stratosphere and at heights of 102
From the ensemble of results obtained by wvarilous authors in experi-
ments involving balloon and satellite flights, we can conclude that

there are significant fluxes of electrons with energies 10 - 103 MeV
in the "excess radiation™ composition in near-Earth cosmic space.
The natural source of such electrons may be "albedo" particles which
arise in the matter of the atmosphere under the influence of the

primary cosmic rays. The large variations in €ime of the hligh-energy

electron fluxes observed in the stratosphere may be considered

% : .
Translator's note: Inadvertently given in foreign text as "SEZ-4",
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- 103 km are analyzed.

J171



confirmation of the hypothesis of capture and relatively long-term
retention of these particles by the Earth's magnetic fleld, which
had been proposed earlier on the basis of measurements aboard the
Proton 1 and 2 AES.

UDC 537.591

Study of High-Energy Electrons in the Stratosphere. V. A. Bezus,

A. M. Gal'per, N. L. Grigorov, V. V. Dmitrenko, L. PF. Kalinkin, V. G.
Kirillov-Ugryumov, B. I. Luchkov, A. S. Melioranskiy, I. A. Savenko
and E. M. Shermanzcon.

Results are presented of an experimental study of the intensity
and energy spectra of the direct (toward the Earth) and albedo (away
from the Earth) electrons with energy more than 100 MeV at various
heights in the atmosphere. The measurements were made at geomagnetic
latitude 46° N, where the cutoff rigidity is 3.5 GeV/c. The experl-
ment was conducted during 1967 - 1968 aboard high-altitude balloons
using an instrument with multilayer spark chamber. Large variations
{by a factor of 2 - 3) of the direct electron flux which correlate
with the state of the Earth's maghetosphere were discovered at small

depths in the atmosphere (h X 50 g/cmz). The effect 1s explained on
the basis of the assumption of the existence 1n the Earth's magneto-
sphere of trapped electrons with energy more than 100 MeV, which
"spill out"™ during disturbances of the magnetic field. The intensity
of the "spilling" electron flux in the energy interval 100 - 1500 MeV

is (6.2 + 0.8) - 10"2 (cm2 + sec sr)—l. The exponent of the "spill-

ing" flux 1s differential energy spectrum 1.56 + 0.22.

uDeC 537.591

Study of Chemical Composition and Energy Spectra of Galactic Cosmic
Rays Aboard AES. N. L. Grigorov, N. N. Volodichev, I. A. Savenko
and A. A. Suslov.

Results of flux measurements of primary ray cosmic nuclear

groups with energy =~ 109 - 1010 eV, obtained aboard the Protcen 2

space station using a Cherenkov spectrometer with zero shading of

the instrument by the Earth, are presented and discussed. Informa- /172
tion ¢cn stable cperation of the instrument permitted averaging the
data obtalned over a long time interval. The 1ntensity values for
the nuclear groups presented in the article exceed by a factor of

twa or more the intensities measured by several investigators, pri-
marily aboard balloons during the same time period. On the other
hand, studies| performed aboard satellites and interplanetary stations
in which the intensities obtained of particles with Z2 > 1 and Z > 2

are close to the intensities measured aboard the Proton 2 AES in the
rigidity interval > 1 - 2 GeV/c are presented. The data obtained
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relate to the second half of 1965. We examine the advantages and
disadvantages of the Cherenkov-scintillaticon method used and the
rrospects for further study of primary ccsmic ray nuclear fluxes.

UDC 629.78.06

Processing Proton Space Statlon Scilentific Information. V. V. Akimov,
V. V. Beletskiy, V. V. Golubkov, G. N. Zlotin, S. I. Karmonov, I. N.
Kikhadze, V. Ye. Nesterov, V. M. Pokras, V. L. Prokhin, I. D. Rapo-
port, and I, G. Khatskevlch.

The characteristic features of Protcon AES instrumentation data
complex operation defined the tasks of desligning the data processing
system and its mathematical support. It was necessary to develop
both methods and algorithms for processing the Proton AES scientific
irformation which would permit a signhificant degree of automation of
the data handling processes. The general scheme of the data process-
ing system consists of several elements: material collection and
systematization; data input into the general-purpose digital computer;
obtaining the gqguick-look scientific recording, processing, and out-
put of the scientiflc and navigation instrument telemetry indica-
tions. The techniques for statistical processing of the magnetometer
information and satellite orientation determination are presented in
greater detail. The processing of the sclientifice instrument indica-
tions with account for their attitude in space 1ls the basic prelimi-
nary data processing result.

Translated for National Aeronautics and Space Administration under
contract No. NASw 2483, by SCITRAN, P. 0. Box 5456, Santa Barbara,
California, 93108
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